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ABSTRACT

The strong anisotropy found in the electronic structure of
YBayCu307_g resulting fron. the exisience of both the CuOj planes
within the a,b plane and the CuO chains along the U axis has
brought strong interest regarding the effect of the electronic
structure anisotropy on the supercouducting properties in ihis
material.  Such superconducting properties include both the
intrinsic type (such as H¢p, He2, He, A, & ....) and the non-intrinsic
type (such as flux pinning and jc). The availability of twinned and
more re~ently, untwinned single crystals of YBapCu307.5 has made
it possible for such anisotropic properties to be investigated.
Magaetization critical currents (jo) were measured for H//c and
H//a,b in order to investigate the characteristics of flux pinning.
The temperature dependence of jc was measured up to 77 K, to
determine the viability of the material for application use at such
high temperatures. Irradiation of the single crystals with high
energy neutrons is also done to investigate the possibility of using
such a method for increasing jo. Intrinsic superconducting
parameters are investigated by measuring the magnitude and
anisotropy of the lower criticai field H¢q and comparing it to the
measurements of the upper critical field Hc2. From these values
the magnitude and anisotropy of the other characteristic values
such as A, x and H. are estimated using an anisotropic Ginzburg-
Landau model. The temperature dependence of Hgi was found to
give unusual results, which differed with the direct temperature

dependent measurements of the magnetic penetration depth A.



The lower critical field was measured on an untwinned single

crystal of YBapCu307_5, to investigate both the a-b anisotropy and

the effects of the twin boundaries on the measurements of Hcj.



ACKNOWLEDGEMENTS

The research contained in this thesis was made possible
through a joint collaboration between the Department of Physics at
The University of Alberta and the Materials Science Division at
Argonne National Laboratory. As a graduate student from the
University of Alberta, my Ph.D. research was conducted using the
facilities at Argonne National Laboratory. The financial support for
this collaboration was provided by the Natural Science and
Engineering Research Council of Canada (1986-1988), and the
Killam Memorial Trust (1988-1991). Without their financial
support, this collaboration would not have been possible.

The success of the collaboration depended upon the
administrative assistance from several people at both Argonne
National Laboratory and The University of Alberta. The necessary
administrative processes were done by Dr. M. B. Brodsky at
Argonne and Prof. J. Kernahan and Prof. H. Sherif at the University
of Alberta. | would also like to thank Ms. L. Chandler, Mrs. P.
Anderson, Mrs. J. Coble and Mrs. N. Meneghetti for keeping all the
documentation regarding this collaboration in order. Finally all the
necessary immigration problems were handled by Mrs. N. Griparis
at Argonne.

The completion of this thesis required the assistance of
several people. I would like to express great appreciation to my
advisors Dr. G. W. Crabtree and Prof. S. B. Woods for not only
proof-reading and criticizing the manuscript once, but a second

and third time as well. 1 would also like to thank my examining



committee, Prof. J. Jung, Prof. F. C. Khanna, Prof. M. Wayman and
Prof. D. K. Finnemore for taking time from their busy schedule to
give comments regarding my research.

Finally and foremost, I would like to thank the many people
who have both personally and professionally guided me through
many of the rough times throughout my research. I am greatly in
debt to Dr. G. W. Crabtree of Argonne Nc'ional Laboratory for
giving me the chance to work in his research group. His
professional supervision gave me the possibility of extending my
knowledge to where it is today, while his personal support has
given me the confidence to pursue further challenges. 1 would also
like to thank Prof. S. B. Woods for continuing to give support from
the University of Alberta towards my research and for keeping my
thesis project on track towards a possible completion. I am
grateful to Mr. S. Fleshler, Dr. L. Nunez, Dr. K. D. Carlson, Dr. J.
Wosnitza, Dr. B. Vicek, Mrs. H. K. Viswanathan and Dr. M. Xu at
Argonne and Dr. M. A. -K. Mohamed at the University of Alberta
for their friendship and professional support. Special thanks go to
Dr. W. K. Kwok, who throughout the whole five years at Argonne
gave me much needed professional advice and friendship, and to
Dr. U. Welp and Dr. K. G. Vandervoort for taking extra effort to help
me complete my thesis project with my sanity intact. I would like
to acknowledge Dr. J. Z. Liu for both his good friendship and an
unlimited supply of high quality samples. Expert technical
assistance as wel! as many good laughs were provided by Mr. Z.

Sungaila and Mr. C. H. Sowers. Also with the large number of top



scientists visiting Dr. Crabtree's group, 1 had the good fortune of
wotking with many of them, including Prof. Y. Onuki, Prof. H. Claus,
Prof. H. W. Weber. Prof. V. Vinokur, Prof. M. Tachiki, Prof. S. K.
Malik and Prof. X. Obradors. Finally 1 would like to thank the
people who are very close to me for giving personal support over
the past years. They include my parents; Hiroomi and Tamace
Umezawa, my parents-in-law; Shozo and Kyoko Akiyama, my
brother and sister-in-law; Rui and Linda Umezawa, and my
brother-in-law Taro Akiyama. Also the close friendship of the
Crabtree, Woods and Kwok family was appreciated. Most of all, |
am grateful to my beloved wife Yukako Umezawa for giving me

the continuing love and support necessary to complete this task.



Chapter
1. INIOUUCHON. cc.tiirirrerenie et s asre st e s st sns s 1
2. Structural ADISOUOPY coviericeeiriiitiniere e sreescs s sssneansne 8
Anisotropy in the Crystal Structure.........c.ooevens 8
Anisotropy in the Electronic Structure................ 17
3. Review of Basic Properties. ..., 28
Some of the Characteristic Properties............c..... 29
Basic Superconducting AnalySiS.....ooevriiennniineninen, 30
Cooper Pairs and Te...cccviviininninnnssen e 30
london Equations and the penetration depth.. 34
Pippurd's nonlocal theory and the coherence
JCNEIN .ottt 35
The Ginzburg Landau Theoty..iiniiinienicinnes 37
Surface Encrgy and Type 1l
SuperconduCHIVILY.......coviiiiiiinninnireeernnssseensssseseeas 41
Upper Critical Field Heziiiee 44
The Lower Critical Field Hepovvvveeeneiiineiiicncenaee 47
Anisotropic SuperconducCtivity......ccoveveiiniinnieniiciecnnnnee 49
Anisotropic Ginzburg Landau Theory.................. 51
Anisotropic London Equations.........ceceeveveeiininiennns 56
Critical State in Superconductivity......ceeveeviniuenennnnnen. 61
Anderson Model and Flux Pinning.........ccociienis 62

Bean Mode! of the Critical State.....cccovvveveeerreennenenen 66



Chapter Page
4. Basic Experimental ProcedulCs...ciniiiiiniinnn.. 74
5. Flux Pinning and Critical Currents in YBapCu307.5... 80

Anisotropy in Flux Pinning, magnetization
and Critical CUTTENTS...oovvevriicirreee st 80

Enhanced Critical Magnetization Currents

Through Neutron lrradiation.......ccvininiinn 96
6. The Lower Critical Field of YBagCu307.§...ccvevvivrnnniinnnn 112
Low Temperature Measurements of Hepoooooeoe. 113

Temperature Dependence of Flux Entry and

G 1 OO PRI 129

The a-b Anisotropy and Twin Boundary
Effects on the Measurements of Hepovoriniiniins 143
7. Summary and Conclusion ..., 164
Bibliography...cooocirvuiceiesennn sttt s 168
APPENAIX L. ..ooomreinnnrerie sttt 183
APPENAIX I1...ooririetes ettt s 185
APPENIX TTL... v veeimieniiiveren s snsnr et sn s st srn s e 187
APPENAIX IV it et e 190



Table
Table

Table §

Table

Table

Table

6-1

6-3

List of Tables

List of High Tc superconducting oxides.
Temperature and field dependence of critical
magnetization current on single and
polycrystalline samples.

Summary of neutron irradiation effects on the
critical magnetization current density (Applied
field: 1 T, “irradiated” refers to a fluence of

8.16 x 1021 m-2).
Entry field He and lower critical field Hgy for

the as grown, annealed and irradiated samples
("irradiated" refers to a fluence of

.16 x 1021 m-2) at T =11 K.

The low temperature superconducting
characteristic values for a single crystal

of YBapCu3O7.s.

The temperature dependence of H¢p from

several types of measurements

88

107

123

128

141



- Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure

1-1

2-1
2-2
2-3
2-4
2-5
2-6
2-7
2-8

3-1

3-2

List of Figures

Chronological representation of the

discoveries of major superconducting systems

and their T¢.

Crystal structure of ABO3 perovskite.

Crystal structure of (Laj.xBayx)2CuOg.

Crystal structure of YBapCu3O7.

Twin boundary representation in YBapCu3O7.
Crystals structure of (Bi,TI)(Sr,Ba)2CuOs.
Crystals structure of (Bi,TI)(Sr,Ba)2CaCu307.
Crystals structure of (Bi,T1)(Sr,Ba)2CapCu307.
Crystals structure of BipSrpCaCupOg,

Fermi surface of YBapCu307 (by Massida et al.
Ref. 51).

(a); Typical magnetization curve for a Type I
superconductor.  (b); Typical magnetization
curve for a Type II superconductor.

(a); The field and order parameter structure
of a flux voitex. (b); Lattice structure
representation of the flux vorticies in a

Type II superconductor.

9

10
12
14
16
18
19
20

22

45

45



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

3-3

3-5

4-1

5-1

5-4

(2); The Bean model representation of the
field penetration into a hard superconductor.
(b); Bean model internal field profiles for
different applied fields of H<H*, H=H*, H>H*.
(c); Bean model penetration prefile for H'<H*
for a cylindrical superconducting sample
having a radius R.

The Bean model magnetization curves for
different values of H¥*.

(a); Bean model field penetration for a
decreasing field. (b); Bean model field
profile for different decreasing fields.

(a) Pickup coil arrangement and
corresponding signal for the SHE SQUID
magnetometer; Pickup coil arrangement and
corresponding signal for the Quantum Design
SQUID magnetometer.

Zero field cooled, temperature dependent
magnetic shielding curve of a single crystal

YBapCu307_g for a field of 10 G /fc.

Magnetization curves of a single crystal
YBayCu307.5 at T = 5 K for H//a,b and H//c.

Magnetization curves of a single crystal
YBayCu307.5 for H//c at 45 and 77 K.

Magnetization curves of a polycrystalline
YBapCu307_g for H = 5, 45, and 77 K.

67

70

72

76

83

85

89

91



Figure

Figure

Figure

Figure

Figure

Figure

5-5

5-6

5-7

5-8

5-9

5-10

(a); Illustration of the currents flowing in

a polycrystalline YBapCu3O7.5 where the
grain boundaries are still superconducting.
(b); Illustration of the currents flowing in
each individual grain of a polycrystalline
YBayCu307.5 due to decoupling at the grain
boundaries.

Zero field cooled temperature dependent
shielding curves for single crystal
YBapCu3O7.5 samples irradiated with

298 x 1017 and 8.16 x 1017 n/cm2 fluences
of neutrons.

Magnetization curves for the single crystal
YBapCu307.5 sample irradiated with

8.16 x 1017 n/em2 for H//c.

Magnetization of the single crystal
YBaoCu307.5 sample irradiated with

8.16 x 1017 n/cm2 for H//a,b.

Critical magnetization current derived from

the Bean model for the unirradiated and

irradiated single crystal YBapCu3O7.5 samples

for H//c at T = 45 and 77 K.
Critical magnetization current derived from

the Bean model for the unirradiated and

irradiated single crystal YBapCu3O7.§ samples

for H//a,b at T = 6 K.

93

99

100

101

104

105



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

6-1

6-3

6-4

6-5

6-6

6-7

The superconducting transition temperature
T, for different neutron flucnces.

(a); Magnetization curve for an ideal Type II
superconductor.  (b); Magnetization curve for
a hard Type II superconductor.
Magnetization curve for the as grown single
crystal YBapCu307.§ for H//c.

The deviation of magnetization from the
initial behavior for the data shown in
Figure 5-2.

The deviation of magnetization from the
initial linear behavior of the as grown and
the annealed single crystal YBapCu307_5 for
H//a,b.

Ilustration of the effect of sample shape on
demagnetization factor of a superconductor.
Spatial representation of the magnetic
penetration depth and shielding currents.
Unshaded areas represent the region of
magnetic penetration characterized by A.
Zero field cooled temperature depcndent
magnetic shielding curve of a nmewer, higher
quality single crystal of YBapCu307_§ for
H=1G /.

108

114

117

118

119

121

126

130



Figure 6-8

Figure 6-9

Figure 6-10

Figure 6-11

Figure 6-12

Figure 6-13

Figure 6-14

Magnetization curve of a single crystal
YBayCu307.5 for H//ab at T = 10, 45 and

77 K. 133
The deviation of the magnetization from the

initial linear behavior for data shown in

Figure 5-8. 135
Temperature dependence of the measured

Hc1 compared to the empirically expected

behavior shown by the line. 137
(a); Temperature dependence of Hci

determined from M vs T measurements (by
Krusin-Elbaum et al. Ref. 23).

(b); Temperature dependence of Hcl

determined by magnetization measurements

(by Strobel et al. Ref. 139). 139
Muon spin rotation measurement of the
temperature dependence of the muon
depolarization rate o (by Piimpin et al.

Rei. 134) 142
Ilustrations of the twin boundary

arrangement for the dual boundary and single
boundary sample. 145
Illustration showing the method by which the

twin boundaries are removed. 147



Figure 6-15

Figure 6-16

Figure 6-17

Figure 6-18

Figure 6-19

Low field magnetization data on a single

crystal YBapCu307.§ where the sample is

aligned so that H is along a,b. and where the

sample is purposely tilted so that H is 5 ° of f

the a,b plane. 149
(a); Magnetization curve of an untwinned

single crystal YBapCu3O7.§ for H//a,b at

T = 10, 45 and 77 K. {(b); The deviation of the
magnetization from the initial linear behavior

for d.ta shown in Figure 5-16 (a). The arrows
indicate the chosen entry fields. 150

Temperature dependence of the entry field

H¢q for the dual boundary and the untwinned
single crystals of YBapCu307._§ for H//ab. The

line is a fit of the daa for the untwinned

crystal to a 1-(T/TC_)2 dependence. 152
Temperature dependence of the Hcl values
averaged for H//a, H//b and H45a,b for the

untwinned crystal. The line is a fit of the data

to a 1-(T/T;)2 dependence. Inset shows the
average Hci values plotted against 1—(T/Tc)2. 155
Temperature dependence of the entry field

Hoy for the single boundary sample as

compared with that of the dual boundary,

and the untwinned sample for H//a. 157



Figure 6-20 The deviation curves of the single boundary

Figure 6-21

sample as a function of the internal field

oriented parallel, perpendicular, and 45 ° to

the twins for 30 and 70 K. 159
Illustration of the effect of vortex orientation
relative to the twin boundary, on both the

density of twin boundary intersections, and

the cross sectional area of the vortex

intersecting the twin boundary. 161



Since the observation of zero resistivity in mercury at 4 K by

H. K. Onnes in 1911}, superconductivity has been a subject of
interest in solid state physics. Its combined characteristics of zero
resistivity and diamagnetism have enticed researchers into
investigating and understanding its physical properties. However,
the very low temperatures at which these materials undergo a
superconducting phase transition have limited the technological
and practical applications of superconductivity to areas in which
such characteristics are absolutely necessary or where low
temperatures are readily available. For most applications
however, the trouble obtaining and maintaining such low
temperatures far outweighs the convenience of getting perfect
conductivity and diamagnetism. Thus one of the major areas of
research in superconductivity has been in finding a method for
increasing the superconducting transition temperature Te.

The study of metallic oxide superconductors existed as far
back as 1964 with the discovery of superconductivity in SrTiO3
with a transition temperature of approximately 0.3K2. However
the major breakthrough in oxide superconductivity came in 1986
when J. G. Bednorz and K. A. Miiller found that the mixed-valent
perovskite compound (Laj.xBay)2CuO4 underwent a
superconducting transition at Tc(onmset)=30K?, the highest
supercornducting transition temperature observed at that time. In

the early part of 1987, M. K. Wu and C. W. Chu found the
1



compound Y-Ba-Cu-O to become superconducting at approximately
90K*4. This discovery created much excitement in solid state
physics for it was the first material whose superconducting
transition temperature was observed above 77K, the boiling
temperature of liquid nitrogen. Practical applications of
superconductors in liquid nitrogen became a possibility and a
significant surge in the study of superconductivity followed. Since
then, several other classes of oxide systems have been found to
exhibit superconductivity at high temperaturess‘s. Table 1-1 lists

chronologically some of the most important high T oxide

superconductors and their transition temperatures to date. A

graphical representation of the major breakthroughs in T¢ since

the original discovery of superconductivity in mercury in 1911 is

shown on Figure 1-1. Figure 1-1 gives the reader a picture of just

how significant a discovery these high T¢ superconductors were.

Structural studies have shown that the majority of these high

T. superconductors have a variation on the perovskite structure as

will be discussed in greater detail in Chapter 2. The CuO3

octahedron found within the perovskite structure is elongated

along one direction creating a strong honding CuO7 plane with

910 This layered

weaker Cu-O bonds along the elongated direction
network of CuOj planes in the crystal structure has been
commonly observed in the majority of high T¢ superconductors
with the exception being the cubic perovskite structured

BayK].xBiO compound'!!2. The elongation of the CuO bond along

one axis makes electron conduction aleng that direction lower than
2



Table 1-1
List of High T¢ Oxide Superconductors

_—.——.__---———_———_—__——__—_..__——-——_—.—_——_——_.———_—_————_—_.——

Compound Tc Discovered Dby
LaBaCuO mmm=—mmmmm====TTTTTTTTTY TG Bednorz, K. A, Muller
(1986)
(LayBaj-x)2Cu0O4 40 K
Laj 85Sr.15Cu04 45 K
YBaCuO W. K. Wu, C. W. Chu (1987)
YBapCu307 9 K
YBa2Cug0g 85 K
BiSrCaCuO H. Maeda, et al. (1988)
Biy SroCaCu20y & K
Bi, SrpCapCu3Oy 115 K
TIBaCaCuO Z. Z. Sheng, A. M. Hermann
(1988)
Tl,BapCaCu20y 100 K
Ti,BayCapCu3Oy 120 K
+BayK1.xBiO 30K R. J. Cava, et al.(1988)
*Nd2.xCexCuOyg 20K Y. Tokura, H. Takagi and S.

Uchida (1989)

———-.——_——_——_-——-—.—-—_——————.———_——_——_——————————-———_—.——-—

+First high T, oxidec superconductor found with cubic perovskite symmetry
*First high T, oxide superconductor found having eclectrons as charge
carricrs
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the conduction within the stronger bonding CuOj plane resulting in
a 2-D like behavior in the electronic structure of these systems.

At present, the mechanism of these new high T¢
superconductors is not yet fully understood. However there has
been some interest focused on the possibility of the layered
anisotropy having an effect on the superconducting mechanism.
Even before the discovery of high T. superconductors, W. A.

Little!3 and V. L. Ginzburg!4 suggested an increase in T¢ for lower
g c

dimensional superconductors through a possible excitonic
mechanism instead of the traditional electron-phonon mechanism.

Since the discovery of the high T, oxides, theorists have speculated

on if and how the low dimensional electronic structure of the CuO
layered system may influence its superconducting properties'>"!7.
To determine the significance of these theories, it has become
important to determine whether or not anisotropy strongly
influences the superconductivity of these materials, and the exact
nature and consequences of this effect.

Recent availability of single crystals, has made the study of
anisotropy in these systems possible18'2°. Measurements of the
magnetic and transport properties have yielded insight into the
anisotropic effects on superconductivity. In particular, upper and
lower critical field measurements done on single crystal high T¢
superconductors have given insight into the two fundamental
characteristic lengths, the coherence length and the penetration
depth?!-23, Both these values are found to be anisotropic and their

ratio gives a large value of the Ginzburg-Landau (GL) parameter «.
5



Several problems have made the analysis of the anisotropic
properties of these oxide superconductors very difficult. In

YBayCu307.5, twin boundaries along the <110> type directions

have until recently obscured any distinction between the a and b
axis of the CuOy plane for the orthorhombic crystals?*. Diverse
oxygen concentrations and multiple superconducting phases in
many of these systems nave made the production of high quality
single crystals a non-trivial task?%:26.  Strong flux pinning observed
in the mixed state of these materials has influenced the intrinsic
magnetic characteristics of these superconductors and has made
the determination of the lower critical field very difficult®’.

Finally the limited range of the size and shape of the single crystals
has complicated the experimental measurements in these
materials!8-20,

In the following chapters we will analyze some of the
anisotropic properties in these high transition temperature
superconductors. Emphasis will be placed on measurements of the
upper and lower critical fields of YBapCu307.5 and also the
determination of the characteristic lengths and the GL parameter,
k. These will be analyzed using existing anisotropic theories
including the effective mass theory. The anisotropy of the
non-equilibrium flux pinning behavior will also be discussed in
connection with some measurements taken on magnetization of
single crystals of these materials. From the magnetization curves,

some values of the magnetic critical currents can be calculated

using the Bean model?®, The results of these measurements will be
6



analyzed and compared with other measurements to give a general

picture of the anisotropic properties of the high T, superconductors

to date.



h. 2 Structural Anisotropy

Anisotropy in the Crystal Structure

The basic structure of the high T superconductors is derived
from a simple cubic perovskite form having the formula ABO3.
This structure is a combination of the face centered and body
centered cubic structures where element A is situated on the
corners of the unit cell with element B in the body center of the
cell surrounded on the center of each face by oxygen atoms O.
Figure 2-1 shows the structure of a cubic perovskite. The element
B has six fold symmetry with the surrounding oxygens and the
cubic structure is symmetric in the three dimensions such that all

three primitive translational vectors are the same magnitude.

La-Ba-Cu-O, the original high T¢ superconductor found by
Bednorz and Miiller?, is a variation on the perovskite ABO3
structure where A=La or Ba and B=Cu. X-ray and neutron

diffraction measurements have found the structure to be

tetragonal with a parent structure of KoNiF4 and having two

formula units per unit cell>!0  Figure 2-2 shows the structure of

(Laj.xBax)2CuO4. At the center of the cell is a CuOgq octahedron
surrounded by La or Ba atoms. The octahedron consists of Cu with

four strongly bonded oxygen atoms in a square planar
arrangement (O1) and two other oxygens situated above and beiow

the CuOy plane at a larger distance (02). This results in the cubic

perovskite structure being elongated along the ¢ direction of the

8



Figure 2-1
Structure of ABO3 Perovskite
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Figure 2-2
Structure of (La1-xBax)2CuO4g




cell and the formation of a planar layer of Cu and O1 atoms. Above
and below this perovskite structure there is another layer of

elongated perovskites that are shifted along the a and b axes by

half a unit cell resulting in the CuO4 octahedra being situated at
the corners of the unit cell of (Laj-xBax)2Cu0O4. This structure is
often said to be an zlternating layer arrangement of perovskite
(LaCuO3) and rocksalt (LaO) structures and results in a network of

planar CuO2 layers. There are two formula units and two CuO2

layers per unit cell of this system. The dimensions of the unit cell

are 3.8 A x 13.2 A for the tetragonal structure!?,

The 90 K superconductor, YBapCu307.5 has a more complex
structure, where a stacking of three ABO3 type perovskites make
up one unit cell30-33,  Figure 2-3 shows the diagram of the unit cell
of YBayCu307.5. The A element in this case is Y or Ba and
compared to a true perovskite structure, there are two key
oxygens missing in the unit cell. The oxygens at the center of the ¢
axis and the corners of the a,b plane surrounding the Y site are
missing. Also the oxygen located at the top and bottom plane
along the a direction (O5) is missing causing an orthorhombic
distortion in the unit cell. The absence of the OS5 oxygens in the
top and bottom plane destroys the planar CuQp structure forming
one dimensional periodic chains of Cu and O sites along the b
direction. Also, the oxygen between the chains and the planes (O4)

moves towards the CuO chain weakening the bonding between it

and the Cu on the CuOy planes. This produces a planar effect
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Figure 2-3

Structure of YBa2Cu3O7
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between the copper and the remaining oxygens (02, 03) with the

unit cell containing two CuO2 planes per unit cell. The unit cell

dimensions are a=3.82 A, b=3.88 A, ¢=11.67 A with one formula

unit per cell??,
A particular characteristic of YBapCu307.5 systems results

from the near tetragoral nature of the orthorhombic unit cell. The
similar magnitude of the a and b axes creates domains in the
system where the a and b axes interchange from one domain to
the next. These domains are separated by boundaries running
along the <110> and <110> direction as illustrated by Figure 2-4.
These boundaries, often described as (110) mirror twins, have
been investigated by electron microscopy34'36'24 and polarized
light microscope37'38. The thickness of the twin boundary layer

has been found to be about 1.0 nm for YBazCu3O7_524. The

mixture of the a and the b axes in the single crystals of
YBajCu307.5 have obscured any differences in the physical
properties between them. Thus anisotropic measurements, even in
single crystals, have in most cases been between the ¢ axis and the
a,b plane. Recently, certain growth techniques39 and post growth
annealing38 techniques have been found to produce crystals of a
single domain with no observable twin boundaries. This has in
turn made it possible not only to observe the difference in the
physical properties between the a and b axis but also the physical
characteristics resulting from the twins themselves. Some of these

properties will be discussed in the following chapters.
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Figure 2-4
Twin Boundaries in YBayCu30~ 5
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The crystal structures of the Bi and TI based superconductors
are very complicated. The difficulty in obtaining pure phases of
the superconducting material and the complexity in the structure
of the superconducting phases (as will be discussed) has made the
determination of the crystal structure a difficult task?®.  The Bi
and T structure is said to have similar characteristics to the
phases in both the La-Ba-Cu-O and Y-Ba-Cu-O systems. The
subcell structure contains a combination of CuOp layers and
rocksalt like (AO) BO (AO) layers where A is Sr/Ba and B is Bi/Tl,
similar to the La-Ba-Cu-O systems. Further, the oxygen deficient
Ca planes separating the CuOp planes from each other are similar
to the oxygen deficient Y planes found in the Y-Ba-Cu-O systems.
The oxygen coordinates can be divided into three main groups.
First there are the oxygens (O1) that are located in a square planar
arrangement with the copper atoms. There are also oxygen atoms
(03) in the A(Sr/Ba) layer bonded to the copper atoms along the ¢
axis. Finally there are the oxygen atoms (02) located on the
B(Bi/T1) layer at the top and bottom of the unit cell. The O3 atoms
are further from the Cu atoms than the O1 atoms resulting in the
formation of planar CuOp layers. Several superconducting phases
have been found to exist within these systems with the notable
differences in the structures being the number of CuOj layers
present within the unit cell. The minimum number of layers is one
CuO»> layer per unit cell found in Binr2Cqu and leBazCuox as
shown in Figure 2-541-44, Binr2CaCu20x and leBa2CaCu20x
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Figure 2-5
Structure of (Bi,T1)(Sr,Ba)2Cu0O5
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(often called the 1212 or 2212 phase) have two CuO2 layers per
unit cell*3-4% as shown in Figure 2-6, while Binr2Ca2Cu30x and
TIyBa2Ca2Cu30x (often called the 1223 or 2223 phase) contain
three CuO2 planes per unit cell4347:49 a5 shown in Figure 2-7. The
geaeral chemical formula for these systems can be written as
ByA2Can-1CunOx where element B is Bi or Tl, element A is Sr or Ba
and n is the number of CuO3 planes4°. The subscript y represents
the number of Bi or Tl in the unit cell where y=1 or 2, depending
upon whether there is a doubling of the Bi or Tl layer in the cell or
not. For y=1, the Bi or Tl layers which are situated at the top and
bottom of the unit cell are shared by the neighboring cells. For
y=2 the neighboring cells do not share the Bi or Tl layers but
instead have their own layers such that there are two adjacent
layers between two adjacent unit cells. For y=2, these layers and
thus their unit cells are said to shift along both the a and b axes by
1/2 a unit cell. Thus the primitive translational vectors span two

unit cells in the c axis. The unit cell structure of Binr2CaCu208

where y=2 is given in Figure 2-8.

Anisotropy in the Electronic Structure
The electronic structure and its anisotropy found in these

high T, materials seem to correspond with their crystal structure.
Band calculations on the (Lal_yXy)2CuO45°, the YBapCu307°!, and

the BipSrpCaCug0yx 52 systems have found low dimensional Fermi

surfaces suggesting anisotropic electronic properties for these
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Figure 2-6
Structure of (Bi,T1)(Sr,Ba)2CaCu207
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Figure 2-7
Structure of (Bi,T1)(Sr,Ba)2Ca2Cu309
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Figure 2-8
Structure of Bi2CaSr2Cu208
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materials. The electronic structure is dominated by a layered
character arising from the in-plane Cu(3d)-O(2p) electron
interaction while weaker bands were found for the Cu-O bonds
along the c direction. The two dimensional Fermi surface which
results from these bands consists of square hole surfaces. Band
calculations on YBapCu3O7.§ have also found a two dimensional
nature to the band structure resulting from the Cu2(3d)-02(p)-
O3(p) interactions in the CuO» plane. Further, one dimensional
character bands were found from the Cul(d)-O1(p)-O4(p)

interactions occurring in the chains. Thus the Fermi surface of
YBaoCu307.g falls naturally into the two-dimensional-like closed

sheets resulting from the CuO3 planes and the one-dimensional-
like flat sheets from the Cu-O chains as shown in Figure 2-9. The
ionic Y and Ba bands were found to have little interaction with
these low dimensional bands. Positron annihilation experiments
done on YBayCu307.5 have found the electronic structure of this
material to be two dimensional, in agreement with the band
structure calculations®3. For the Bi-Sr-Ca-Cu-O systems, the
electronic system consists primarily of states resulting from the
Cu(d)-O(p) interaction as well as from the Bi-O interaction. The
resulting Fermi surface consists of a two-dimensional-like hole
surface arising from the Cu-O bands and a small electron surface
arising from the Bi-O bands. The strong two dimensionality results

from the existence of the non-interacting Ca layer that separates

the CuO7 layers. The low dimensionality found in the Fermi
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Figure 2-9
Fermi Surface of YBapCu3z0O7._§
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surface of these systems would result in highly anisotropic
electronic characteristics for these materials.
The anisotropic layered structure in the Fermi surface of

these high T materials indicates that the normal state
conductivity also should be anisotropic with lower conductivity for
currents off the CuO2 planes than for currents in the planes.
Resistive measurements on single crystals of YBapCu307.§ have
found the resistivity for currents along the c direction to be higher
than for currents in the a,b plane, with the resistivity anisotropy
ranging from 30 to 100 at 300K34-57, Resistivity measurements
along the a,b plane have found a linear temperature dependence at
high temperatures indicating a metallic behavior in the
conductivity for currents within the planes. The temperature
dependence of the resistivity along the ¢ axis has been
controversial, with both increasing and decreasing resistivities
observed with decreasing temperatures. It has been said that the
semiconductor-like increase in resistivity with decreasing
temperatures reflects poor sample quality and oxygen deficiency.
Such a statement arises from oxygen deficient studies on single
crystals of YBapCu307.5 where greater increases in the resistivity
with decreasing temperatures have been observec for samples
having large & values’®. Transport measurements done on
BipSry 2Cag gCun0g single crystals have also found anisotropy in
the resistivity>® with the anisotropy ratio as large as 109:1. The c

direction resistivity was found to increase with decreasing
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temperature, With the small dimensions of the single crystals,
especially in the c direction, a detailed investigation of the
anisotropy in the normal state resistivity has been very difficult.
However preliminary transport measurements on single crystals
have found the normal state resistivity of these high T, materials
to be highly anisotropic with the higher conductivity occurring for
currents in the CuO2 planes, in agreement with band structure
calculations done on these materials.

Initial indications of localized behavior in the conductivity of
the superconducting charge carriers came from transport and
inductive measurements on bulk polycrystalline (Laj.xSrx)2CuOgq

and YBapCu307.5 substituted with magnetic ions. Traditionally,

the superconducting transition temperatures were found to

0 since these

decrease with the addition of magnetic impurities6
magnetic impurities help break the Cooper pairs. Thus the
investigation of magnetic ion doping in the high temperature
superconductors seemed a logical investigation into the
superconducting properties of the high Tc materials. Early

resistive and magnetic measurements of Nd-doped polycrystalline

Laj 85-.xSrxCuO4 found that although T¢ decreased with the

.. . . c2
addition of Nd ions, there was also a decrease in __dT Te (the

upper critical field slope near T¢), which could not be explained
from orbital pair breaking since the normal state susceptibility
from the Nd was too small to give such a decrease®!. Instead, this
decrease seemed to be from the lowering of the effective density
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of states as the Fermi level moves off a Van Hove singularity,
which was found to exist from band calculations. Thus the change
in the transition temperature seemed to occur due to a change in
the density of states rather than from a strong magnetic moment.

Soon after the discovery of the 90 K YBapCu3O7_5 system,
full substitutions of rare earths (Nd, Sm, Eu, Gd, Dy, Ho, Er,Tm Yb,
Lu) on the Y site were found to be possible with no significant loss
in superconductivity33'62. These studies have found that the
resistive transition temperature is typically within the 90K range
with AT being about 2K. This small effect of the rare earth ions
on the transition temperature suggests that the exchange between
the strong magnetic moment of the rare earth and the spin of the
superconducting electrons is small since rare earth ions with
partially filled 4f electron shells usually depress T in conventional
superconductors through pair-breaking effects described by the
pairbreaking parameter o,

o = nhiN(ER) 2(gy-1)2J(J+1) (2-1)

where n is the concentration of rare earth ions, N(EF) is the density
of conduction electron states at the Fermi level, 7 is the exchange
interaction parameter and gj and J are the J.andé g-factor and the
total angular momentum of the rare earth ion*?. A small J
indicates minimal overlap between the rare earth 4f orbital

wavefunctions and the wavefunctions of the electrons from

neighboring CuO2 planes. Furthermore, recent measurements

which correlate the T¢ of RBapCu307.5 (R=rare earth) with the rare
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earth ionic radius find the small changes in T¢ for the different
rare earths to depend more on the size of the rare earth ions than
on their 4f momentsS3.

Finally, the numerous superconducting phases found in the
ByA2Can-1CunOx (B = Bi or Tl, A = Sr or Ba) system have proved
useful in comparing the superconducting properties of the
different phases with respect to their crystal structure. It has

been found that the superconducting transition temperature

increases with the number of CuO2 planes that exist within the
unit cell®. This change in the transition temperature with the
number of CuOs layers has been observed for both the Bi and the
Tl systems. Comparisons between the volume fraction, fg of the
CuO7 planes within a ByA2Can-1CunOx system and its transition
temperature have found that T¢ relates to fs by
In(T¢) = (f5)P (2-2)
where p ~ 1. Since Bi and Tl samples having more than four CuO

layers have not yet been synthesized, the limit to this increase in

T is not yet known. However within the systems that are
available, this increase in T, with the number of CuO2 planes
seems to indicate the importance of the layered nature towards

the superconducting properties of these oxide systems.

In summary, the crystal structure of the high T¢

superconductors are all variations on the perovskite structure

which results in a planar CuO2 network being created in the unit

cell. The electronic structures of these high T oxides are strongly
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affected by this planar network in the crystal structure. Thus it is
likely that the superconducting properties of these oxides will be
affected by the layered CuO2 planes and will be highly anisotropic.
An investigation into the behavior and anisotropy of the
superconducting properties in these systems is essential towards

understanding the mechanisms of high T¢ superconductivity.
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Review of Basic Properties

Though the exact mechanisms of the high temperature

superconductivity are not yet fully understood, many of the
characteristics are found to be similar to the traditional, low Tg¢
systems. Inductive measurements have found these materials to
exhibit magnetic properties similar to the traditional type II
superconductors65’66' Decoration techniques have shown the
existence of a vortex state®’, further confirming the type II nature

68.69 and infra red

of the superconductivity. Tunneling
absorption70 measurements have revealed the existence of an

energy gap, indicating long range order in the electronic state. A

jump in the electronic specific heat at T, has further confirmed
this’!. Thus, the nature of high T, superconductors can be
understood by observing how the traditional superconducting
parameters behave in these materials. Further, the effects from
the layered nature of the electronic structure can be analyzed by
observing how anisotropy affects these parameters. The following
sections will briefly cover some of the key areas and define some
of the important parameters in superconductivity. The latter part
of this chapter will introduce some existing theories in anisotropic
superconductors. This section has been written for the
convenience of the reader as a reference to the discussions of the

experimental results appearing in the following chapters.
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Some of the characteristic properties

The initial discovery of superconductivity by H. K. Onnes!
came with the observation of zero resistivity in mercury. As the
sample was cooled below a certain temperature, T¢, it underwent a

superconducting phase transition and the resistivity dropped
below the resolution of the measuring instrument. The value of T¢
is intrinsic to the material and is stated as being a characteristic
property of the superconductivity in that material.

Later Meissner and Oschenfeld’? found that when a
superconductor was cooled through T, the system expelled all
magnetic fields, exhibiting perfect diamagnetism (called the
Meissner effect). At high enough fields however, the
superconductivity and Meissner effect are destroyed and the field
fully enters the sample. The critical field where the
superconductivity is destroyed, Hg, is also an intrinsic,
characteristic property of superconductivity. Most
superconducting systems were later found to have two magnetic

transitions, a lower critical field, Ho1 where the material loses

perfect diamagnetism but remains superconducting and partially

diamagnetic, and an upper critical field H¢p where the system loses

superconductivity altogether. These materials were called type II

superconductors, while the superconductors with only one critical

field, Hc, were called type I. The type II critical field values are
also intrinsic to the superconductor. The relation between the two

types of superconductors depends on two characteristic lengths,
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the magnetic penetration depth, A and the coherence length, &, as
will be discussed later.

Finally, the superconducting phase also depends on the
current density that passes through the material. At a high enough
current density, the material returns to its normal state. This
current density is defined as the critical depairing current, J¢.
Besides the depairing current there are other critical current
densities that are discussed in superconductivity. For type I
superconductors, there is the critical current density which
describes the surface currents that create a local field that is
greater than Hc due to demagnetization effects. For type II
superconductors, due to the existence of the mixed state, a critical
current is produced from a non-equilibrium, non-uniform
distribution of flux vortices which is often described by the critical
state. Also, there may be a current at which resistivity is first
observed in the system due to the motion of magnetic vortices

often called flux creep critical current. These latter J¢’s, depend

upon non-intrinsic properties which influence the vortex dynamics
in type II superconductors. As the high T, materials are strongly
type II materials, these non-intrinsic critical current densities will

be discussed later.

: n
Cooper pairs and T
Some initial insight into the microscopic mechanisms of

superconductivity appeared when Frolich extended Bloch's
30



interpretation of the electron-lattice interaction to that of the
emission and absorption of a vibrational quantum73. He suggested
that attractive interactions between the electrons are possible from
the virtual emission and absorption of these vibrational quanta
and that the quantum-vibrational motions responsible for this
interaction were the phonon vibrations from the lattice.

In 1956, Cooper performed calculations’® for a model where
two electrons are added to a metal at T = 0 K such that
individually, they are forced to occupy states greater than the
Fermi energy, Eg. Cooper showed that if there is an attractive
interaction between the two electrons (called Cooper pairs), they
can form a bound state with an energy that is less than the sum of
their individual energies. It was found that the maximum
lowering of energy from this virtual process was obtained from
electron pairs having equal and opposite momenta, and energies
within ko of Eg where @ is the frequency of the vibrational quanta.
To observe the total energy condensation from the system, the
interaction was extended to include many electron states whose
momenta were near the Fermi momentum state kg. This energy
condensation from the Cooper pairs could then be used to estimate
the thermal energy (kgT.) necessary to destroy this interacting
state.

The condensed state can be shown by considering the
wavefunction of the two electrons such that the center of gravity

of the pair is at rest. This wavefunction is expanded for all
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momentum states k such that’3
¥(ry-rp) = ; g(k) exp(ik-(ri-ry)) (3-1)
where g(k) is the probability amplitude for the pair to be in
opposite momentum states k,-k. Since all states are occupied
below kg
gk)=0 for k < Kkg. (3-2)

The Schrédinger equation for the pair is written

B2k 2

K

-h2
m(vl2 + V22)¥(ryrp) + Vrpr)¥ = (E + )‘P (3-3)

where E is the energy of the interacting pair relative to Efp.
Substituting (3-1) in (3-3), and defining the term
1
Vik = FIV(r)exp(-i(k-k’)-r)dr (3-4)

where L3 is the volume of the system, gives the equation
h2
—k2g(k) + (k) Vi = (E + 2Ep)g(k). (3-5)

Equation (3-5) is the Bethe-Goldstone equation for two electrons.
The interaction term V is nonzero only in the region where the
energy of the two electrons k; and k, follows IE(ky) - E(kj)l < ho,
where Ao is the order of kz® (©=the Debye temperature) for
phonon mediation. To observe the effects of (3-5) for an attractive

interaction, one can consider the interaction term Vy .. to be

Vk,k, =:Ij\3{ forE<(EF+h(l)) (3'6)
=0 otherwise.

By substituting (3-6) into (3-5), one gets the self consistency

equation
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vV h2k°2 -1
I =i—3-§(-5 + = 2EF) (3-7)
h2k’2

for EF<—5;‘< Ep+ho. By defining the energy range &’ and the

density of states’> per unit energy level N(§’),

h2k’2 dk’
y _ _ 'y — -3 ’2 -
& ="5m Er and N(§&’) = (2rn)24nk oz (3-8)
the summation in (3-7) can be replaced by an integration so that

ho

* _.1_.— ’
1=V [NE) g e (3-9)
0

Assuming ho < Ep, and N(&') is approximately N, the density of

states at the Fermi surface, then

1 E-2ho
1=2NFV ln( E ), (3-10)
which for weak interactions (NgV << 1) gives
-2
E =A=-2ho exp( N)' (3-11)
F

E is the relative energy condensation from the Fermi energy and is
often defined as the condensation energy A as shown in (3-11).
Later from the BCS theory, this condensed state was shown to be
the superconducting state’S.

By comparing the thermal energy necessary to destroy the

condensed state with the condensation energy, (3-11) can be

rewritten in terms of T¢ as
To =22 exp[ 2 3-12
¢ =kp P\ VNg)- (3-12)
Equation (3-12) relates T with the physical characteristics of the

system: the density of superconducting carriers, the interaction
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potential between the superconducting electrons and the

frequency of the vibrational quanta. From (3-12) it is seen that a
possible method of increasing T is by increasing the frequency of
the vibrational quanta that mediate the superconducting electrons.
In BCS theory these quanta are not specifically designated as being
phonons. In fact, W. A. Little!3 and V. L. Ginzburg'* suggested that
the increase in T, necessary to describe superconductivity near
100 °K might be achieved by electron interactions instead of
phonons. They suggested that lower-dimensional electronic
systems may induce such interactions and result in the increase of
Tc. Another way to increase T is by increasing the density of
superconducting charge carriers. Hirsch and Scalapino'® have
investigated the effects of T, enhancement due to the presence of a
Van Hove singularity near the Fermi energy for a quasi-two-
dimensional electronic system. Z. Ye and H. Umezawa’’ have also
investigated how inter-plane and intra-plane coupled

superconductive systems can result in the increase of the density

of states. Thus with the possibility of T, enhancement occurring
from the layered nature of these high T¢ systems, it is important to
investigate the effects of the layered electronic structure on the

superconducting parameters in these systems.

London equations and the penetration depth
One of the first steps towards understanding the mechanisms

of superconductivity came when F. and H. London’%7% described
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the electromagnetic properties of superconductivity using two

equations,
)
E =at(AJs) (3-13)
and h = -c curl (AJy), (3-14)
2
4EKL m
A= > = 5
where C ne” | (3-15)

The parameter n is the number of superconducting carriers in the
system. Equation (3-13) describes perfect conductivity, since any
electric field accelerates the superconducting electrons rather than
simply sustaining their velocity against resistance. Equation

(3-14), when combined with the Maxwell equation

4nJ
curl h=—'—C (3-16)

. 2, __h_
leads to (V=h) = ?»Lz , (3-17)

implying that the magnetic field damps exponentially into the
superconductor with a length A;. Equation (3-14) describes the
Meissner effect and introduces one of the characteristic lengths of

superconductivity, the penetration depth, Ap.

Pippard's nonlocal theory and the coherence length

In 1953 A. B. Pippard®? stated that the change in A with the
addition of impurities could not be explained from London's
equations, where A was an intrinsic parameter. Pippard explained

this by stating that London's equation (3-14) rewritten in the form,

-A
J=" (3-18)
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is only correct for the current and vector potential which vary
slowly in space. If the vector potential changes within a
correlation distance &, the current at a point will be affected by
the vector potential at neighboring points within this distance, and

(3-18) must be rewritten as

dt, (3-19)

jo 3 Jr(r-A)e-fli

- —47t§oA r4

where 1 is the volume element containing A, r is the distance from

1 to where J is being evaluated and & is related to £, and the mean

1 1 1
free path, [, by E=~+7. Equation (3-19) introduced the second
0

characteristic length of superconductivity, the coherence length &,.
If A(r) changed within the distance of &,, there would be a
weakening of the supercurrent response to the changing vector
potential resulting in a larger A.

From the uncertainty principle the coherence length &, can be
related to the momentum range 3p by

E,0p~nh. (3-20)

where A is Planck's constant. Only the electrons within kgT¢ of the
Fermi energy play a major role in the condensation so that
8p ~ (kgTc/vg), where ug is the Fermi velocity. Thus the value, &

becomes

h v .
§°~kBTC' (3-21)
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The Ginzburg Landau Theory

Even before the microscopic theory of superconductivity was
formulated by Bardeen, Cooper and Schreiffer’8, Ginzburg and
Landau®! gave a macroscopic, phenomenological model of
superconductivity near T¢. Their explanation was based on the
fact that the superconducting phase transition is second order and

the order parameter, which describes the ordered state,

continuously changes through zero at Tc. Near Tc. the free energy
of the superconducting state Fg, can be described in terms of the
normal state free energy Fj, and the power series expansion of Iyl2

where v is the order parameier. In the absence of fields and

gradients, this can be expressed as®?

Fg = Fp + alyl2 + %\VM — (3-22)

The most energetically favorable system can be found from the
minimum free energy, where the derivative of (3-22) is set to zero.
B is set to be positive so that the minimum free energy does not
occur at hyl2=e. For a>0, the minimum free energy occurs only
when y=0, indicating that the system is in its normal state. For

a<0, there is a non-trivial solution to (3-22) whose minimum

occurs at
it

During the superconducting transition, o goes from positive to

|\|,|2 = (3-23)

negative, passing zero at T¢. Thus the free energy can be written
2
o

Fs = Fn - —2—[3.. (3'24)



From the Gorter-Casmir® relation, where the free energy is

written
Hc2(T)
Fn_Fsz——En——', (3-25)
(3-24) can be written as
HeX(T) o2
st 28 (3-26)
Near T, the temperature dependence of o and § are
do
oT) ~ (T-T¢) {glpr, 204 B ~B(Te).  (3-27)

Thus from GL theory, the temperature dependence of the critical

field near T is approximately linear in T. At lower
temperature584, where the GL equations become less valid, H¢
saturates to follow (T-Tc)l/z.

A spatially varying order parameter, due to gradients and

fields, results in an additional IV\;;I2 term added to (3-22) so that

2
F vt 1 Byt o 2 |y - A2 4 2 _
Fg = Fp + alyl +5le +5m (th - )\y + 3 (3-28)
H2
where . is the change in the normal state energy due to the

presence of H. Minimizing (3-28) with respect to y and A leads to

the formation of the two Ginzburg Landau (GL) equations

1 *A T2
Zm*[-ihv - CT] v+ oy + BlylPy = 0 (3-29)

and
curlH j e*h _e*
TS i WYYV - o wtA L (3:30)

The two GL equations describe the most energetically favorable

superconducting state of the system.
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In zero field (A=0 and y is real), equation (3-29) is written in

one dimension as

-h2 _ d2f
Zm*lald—xz—+f-f3=o (3-31)

where f is the normalized order parameter f = \% and vy, is the full
o}

order parameter deep inside the superconductor (\y02=a/[3). The
first term in (3-31) gives the spatial dependence of the order
parameter. Thus one could define a characteristic length &, where
from (3-27)

-2 1
122(T)zzm*loc(T)l"‘TC-T'

(3-32)

This characteristic length is often called the GL coherence length
and is different from Pippard's nonlocal electrodynamic coherence
length &,. The GL coherence length, §, gives the length scale
necessary for the superconducting order parameter to saturate.

The relation of the two coherence lengths is often written as’?

1) = 074 =% | 3-33
&) = 0. éoTc_T) : (3-33)
Near T, & diverges with increasing temperature. Physically this

means that the system needs a larger distance before obtaining full
order, until at T¢, & completely diverges.

The penetration depth, A can be obtained by taking the curl

of j, which from (3-30) gives

-e*
- 2 -
curlj = m*c hyl<h. (3-34)
Comparing (3-30) with (3-14) and (3-15), A can be written
[ m*c2 ]1/2
A=|anes2yi2] > (3-35)
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so that the superconducting electron density ng is related to |yl as
ns=|\|fI2. The temperature - ~pendence of A comes from the
temperature dependence of I\;II2 which from (3-23) and (3-27)
gives

A o (T - T 12, (3-36)
From BCS theory, the temperature dependence of A actually follows

(T - T)'l/4 rather than (3-36)%%. However, near T., where the GL

theory should be valid, (3-36) describes the temperature
dependence of A quite well. As temperature nears T, the
penetration depth diverges indicating the loss of the Meissner

effect at T=Tk.

Though both characteristic lengths in the GL theory diverge

near T, their ratio remains finite. This ratio, often used to

characterize the superconductivity of a material, is defined as the

GL parameter, x where

XD (3-37)
T )
From (3-23), (3-26), (3-32) and (3-35), k can be written
_mc (B2
T en (2“) ' (3-38)

Far from T¢, where the GL equations break down, x varies with
temperature. However the change in x throughout the whole

temperature range is small35.  So throughout the thesis, k will be

assumed to be independent of temperature.
If the order parameter, the spatial variable, vector potential

and the internal field were written in terms of reduced variables;
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2 2
y=yf, r=ATp, ;f&(T)A =4, ';fi(T)l(T)h =f, (3-39)

then the GL equations can be written

vZ o1

} - 2_¢f_-£3 3-40

2fo fo3(curlﬁ) =f,-f, ( )
and fozli.=—f2—gradfox curlf - curlcurlf . (3-41)

(¢]

where f, is the amplitude of f, and £ follows the Maxwell equation

A = curlA. (3-42)

Surface energy and Type II superconductivity

London initially introduced the concept of surface energy by
noting that for a superconductor in the intermediate state, the
exclusion of H in the superconducting regions requires an interface
surface energy whose contribution is greater than the gain in
energy from the diamagnetism86. The concept of surface eneigy
was later used to understand the properties which affect the two
types of superconductors (I and II). To qualitatively explain how
surface energy differentiates the two types of superconductors,
one must look at the energy contributions at a superconductor-to-
normal interface, where the order parameter and the magnetic
induction change. Since below T, the normal state is energetically
higher than the superconducting state, there is an increase in the
free energy within the coherence length. On the other hand, since
it takes energy to keep the applied field out of the superconductor,
there is a decrease in the free enmergy within the penetration depth.

As the applied field increases, the energy decrease due to the
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magnetic penetration increases in magnitude until it becomes
relatively larger than the energy increase due to the change in .
At a field defined as Hq1, it becomes energetically favorable to
create a vortex filament with a normal core and magnetic flux
within the sample. This energy relation depends upon the relative
size of A and &, or the size of x. As x increases (A > &) the energy
contribution from A becomes greater than & and thus this vortex
nucleation will become more probable and will occur at lower
applied fields. Thus the type II nature of the superconductor
depends upon the surface energies and the size of k. A more
quantitative explanation is given below.

For an infinite superconductor having the boundary
conditions, B = Ho and y=0atz = -, and B = 0 and y = y, at z = oo,
assuming that both y and B in the sample varied continuously, the
surface energy can be taken as the difference between the energy

of the above system and one having full condensation energy

H.2
everywhere which is given by the volume integral of *& Also,
the reduction of the magnetic energy due to the penetration of the

h-H
field is taken into account, MH¢ = —4;t£ H.. Thus the surface energy
is written as%©
E= [dz o2 + Dy + 2|[-iny - 22A|2
= z qalyle + Syls + 5 - - T
h2 hH. H.2
8 4= He + 8n (3-43)
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or in reduced form, after much algebra, as

H.2 _ H.2
E = 2M(T) —8"? fdz{;—(l-f‘i) + £2 - \/2&} = 2A(T) 8—;— I (3-44)

-00

(=]

where the boundary conditions are f = 0 at z = - and dz = 0 andf

=1 for z = . Whether the surface energy, E, will be negative or

©0

1 —
positive depends on the sign of I = sz{?l-f4) + 62 - \/2&}. The

=00

1
surface energy can be made zero by taking 4 =—\/‘§ (1-f2) so that

the two reduced GL equations (3-40) and (3-41) give

1 d2f 2 df)Z
PNk SRR 100 S .
K2d22+f(dz =f-f (3-45)

and

“5la2 E)Z=$ (1-f2) (3-46)

1
where the correction ﬁ=g—; (1-f2) has been used to eliminate the

2 d2f Z[df

variable h. The two GL equations have only a single unknown

. : . : 1
function f, and are consistent with each other only if x =‘\/—§. So

. 1
the energy is zero for x = _\E , and for x > % , I is found to be

. . 1 . .. ,
negative, while for x <j_2— , I is found to be posmve%. Therefore, x

1
=E separates the superconductors having positive and negative

surface energy, classified as type I and II respectively.
Since the condensation energy of the system can be

represented by the area under a magnetization curve, a
43



thermodynamic critical field Hg can be defined for a type Il

superconductor as the maximum field for a type ! magnetization

curve whose condensation energy is the same as that of the type Il
superconductor as shown in Figure 3-1 (b). Both H¢j and Hgp are
intrinsic characteristic parameters of the system and depend upon

both the strength of the condensation energy (repres:nted by the

thermodynamic critical field H;) and the Ginzburg Landau
parameter x. For a larger value of H; one will get larger Hgp and
Hco. On the other hand even with the same value of Hg, a larger x
system will have higher H;2 and lower H¢q. Since x is determined
by the two characteristic lengths A and &, these values as well as
the thermodynamic critical field can be obtained by finding the

upper and lower critical fields of the system.

Upper Critical Field H¢o
Near H¢2, the superconducting order parameter is very small
so that the higher order terms in the GL equations become

negligible. Then the GL equations take on a linearized form of

1 2
Er—n[-ihv =2 ]zw = -ay. (3-47)

Also, the second GL equation shows that the correction due to the
supercurrents is of the order y2 so that at small y, it can be

ignored and to a first approximation h=H so that
VxA=H. (3-48)

Equation (3-47) is in the form of Schrodinger’s equation for the

motion of charge 2e¢ and mass m in a field. For such a system the
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particle moves along the field direction H with an orbital motion

perpendicular to H, having a frequency
_2eH

w="_"". (3-49)

If hy! is taken to be a bounded function, the eigenvalues of (3-47)

are

mv,2 L
-0p =", +|n+ 5 ho. (3-50)

Since we are observing the highest field where superconductivity

can exist, this corresponds to n = 0 and vz = 0 so that from (3-49)

and (3-50)
-omc
Hea = (3-51)
he
From the GL equations (3-26) and (3-38) we find that
Heo = V2 x He. (3-52)

Assuming a constant x, the temperature dependence of H¢o follows
the linear temperature dependence of H¢c. From (3-26), (3-32),

(3-38) and (3-51), H; and Hgp can be written

_(chy__L_\_ (% i
HC“(zeIzn\/Exg)"(zn\/'ix:-J (3-33)

2ey 1\ (0
Hea = (ChIh&z) - (27@2] (3-54)

where @, is the flux quantum &, = 2 x 10-7 G cm2 as shown in

and

Appendix I.
For a Type II superconductor between Hcj and H¢p (often
called the mixed state), the superconducting regions surround lines

of flux (where field penetrates) and form multi-connected
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filaments. In the vortex structure, each filament consists of a core
having radius approximately equal to the coherence length and
screens out the field for distances greater than the penetration
depth, as shown in Figure 3-2 (a).  Since the filaments experience
a Lorentz force, they position themselves in a lattice formation to

obtain the lowest free energy, as shown in Figure 3-2 (b). From GL

equations near Hco, each filament is found to contain one flux
quantum for any k. This is also true near Hgq for an isolated
filament. Thus one can assume that the filaments contain one flux
quantum each throughout the entire range of the mixed state®7.
Thus as field is increased in the mixed state the total flux
contained in the vortex filament remains the same and it is the

density of filaments in the material that increases.

The Lower Critical Field H¢q

The lower critical field, H¢1 is identified as the field where
the first vortex filament nucleates in the system and is determined
from the net energy of the system. Hg1 occurs when it is
energetically favorable to create a vortex having a normal core and
a field, compared to remaining completely superconducting and
diamagnetic. To find H.1, the free energy can be calculated such
that the system has the same energy whether a flux line is created
in the system or not. The free energy expression for this relation
is written
H¢pfhdr

An (3-55)
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where L is the lengik of the vortex line in the sample. The second

term in the right hand side represents the energy of creating the

vortex where €1 is the vortex iine energy per unit length. The

third term gives the decrease in the energy due to the field

penetration. Since at H¢1, the creation of the first vortex is

assumed, equation (3-55) is rewritten

He19,L
FS=FS+£1L-( ‘jn° ) (3-56)
£14rn
or H¢p = 1 . (3-57)
d)o

By finding €1 one can find the expression for Ho1. For a system
with large x, since & can be assumed to be small, the core

contributions to €] is often ignored’>. Th. n the contributions to

the vor_r' line energy comes from the field energy and the kinetic

energy W& currents and can be written
e 1
e1 =5 (82 + A2lcurlni2)ds (3-58)

or by using a vector identity and the divergence theorem,

1 A2
£1 =§;j(h +kzcurlcurlh) - hdS + S—n {)(h x curlh) -ds. (3-59)

For the region outside the core where we are looking, London's
equation (3-14) combined with the Maxwell equations gives

A2 curlcurlh + h =0 (3-60)
and states that the first integral in (3-59) can be ignored79. The
second integral is taken over the surface of the core of radius &

and the gives a solution
2

A % dh
1 =g, 2n€ h(€) lcurlh(€)l = g; 2n h(&)a—;. (3-61)
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To find the expression for h, one can state that within the core, one
can rewrite (3-60) to take account of the presence of the core by

inserting a two dimensional delta function &(r) such that

A2 curlcurlh + h = & 8(r). (3-62)
The solution to (3-62) within the region & <<r1 << A is
O, [ A }
h(r) ~ Y {Inr + constf(. (3-63)

Equation (3-63) and (3-61) can be combined to give the line
energy per unit length,
(DO
81:(4_1;?; Inx. (3-64)

Equation (3-64) gives the energy for creating a vortex line, which

when combined with (3-57), gives the expression for Hgp as

@y
Hey l\f‘nﬁ) Inx (3-65)
or Hc1 ~;j:;)—(; Inix. (3-66)

Equations (3-65) and (3-66) express the lower critical fields in
terms of the characteristic paramecters, Hg, A, ®,, and x. Equation
(3-65) gives the strong relationship between Hcj and A. As A
increases Hc is found to decrease. This makes sense since the
larger the penetration depth the more negative the surface energy.
Also from (3-66) a direct relationship between H¢ and Hgip is seen,

where a change in H; will lead directly te a change in Hci.

Part II: Anisotropi uperconductivi

Before the high T, superconductors, some of the low T¢

superconductors such as niobium were found to be slightly
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88-90  Fyrther, the existence of layered superconductors

91-93

anisotropic
such as transition metal dichalcogenides , made necessary the
analysis of anisotropic superconductivity long before the discovery
of high T; superconductors. Thus the anisotropic theories that

were developed for these systems can be used to analyze the
anisotropy in the high T. superconductors.

Both the anisotropy in the superconducting order paran-ter
as well as in the non-superconducting, normal state parameters
can affect the superconducting properties. Anisotropy of the order
parameter can result from anisotropy of the variables found in
equation (3-11), as well as from non-phonon superconducting
interactions having direci.cnal dependence in the coupling
parameter. Exotic, non-phonon coupling, often associated with
non-singlet pairing, has been considered in materials such as the

94-96  Examples of anisotropic

heavy fermion superconductors
normal state parameters include the anisotropy in the electronic
structure?® of the material as well as the localization of the
superconductivity to certain regions within the material?®. Even
with an isotropic order parameter, anisotropic superconductivity
may arise from the anisotropy in the normal state parameters.
Since high T, superconductors seem to be affected by the
anisotropy of the normal state electronic structure, the analysis in
this chapter will be focused on the anisotropy stemming from
these normal state characteristics. This does not mean anisotropy

in the order parameter does not exist in the high T systems, but

that since there is as yet no strong evidence suprorting such a
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phenomenon, such a complex analysis will not be covered in the
thesis.

Two methods commonly used to analyze anisotropic
superconductivity arising from the normal state electronic
anisotropy are the anisotropic Ginzburg-Landau model®’ and the
Lawrence-Doniach (LD) model®®9%, The anisotropic GL theory97
considers the anisotropy of the superconductivity to arise from the
anisotropy in the electronic effective mass. This analysis is useful
for systems having an anisotropic electronic structure but where
the superconductivity exists throughout the bulk of the sample.
Lawrence and Doniach?®%%, analyzed the standard GL theory for a
system which localized the superconductivity to discrete two
dimensional layers with Josephson coupling between the layers.
This analysis is useful for materials having strongly localized two
dimensional behavior in the superconductivity. The anisotropic GL
theory is often described as a three dimensional (3D) anisotropic
model while the LD theory is often denoted as a coupled two
dimensional (2D) model. Since each method of analysis is very
extensive, it is difficult to cover both models within the context of
this thesis. The experimental results of this thcsis will be analyzed

using the anisotropic GL theory.

Anisotropic Ginzburg-Landau Theory
Soon after Ginzburg and Landau calculated their macroscopic
model for superconductivity, Ginzburg®’ extended the theory to

~onsider the effect of electronic anisotropy on the superconducting
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parameters. He stated that any anisotropy in the effective mass of
the charge carriers wili affect the GL equations and their
corresponding characteristic parameters. To investigate this effect,
Ginzburg replaced the effective mass scalar, m, in the GL free

energy (3-28) with a 3x3 mass tensor m;; so that
2
Fg-F = Z ——{ m——w eA,wIlhchw* i ——AJW )

2 s B2
+ alyl +2BI\VI +87t' (3-67)

which when minimized with respect to y* gives

1 (..d 2e d 2e 2 -
%E{"hdx{ cAiI"’dx CAJ}v+aw+B\vlw' =0. (3-68)

Later Tilley®® found this effective mass anisotropy to have an

effect on the upper critical field, resulting in anisotropic Hcp values
for niobium. [For a field applied along one of the principal

directions of ihe crystal, Hoo was found to depend on the effective

mass such that

lotl
Heo =°—§— (mmq)1/2 (3-69)
[+

where m; and m, are the principal values of the components of
m;;, orthogonal to the applied field. Tilley also analyzed'’" the
solution to equation (3-68), for the region just below Hc2, where
the linearized GL equations apply. If the effective mass tensor
defines an ellipsoid with the principal tensor axes being along the
principal crystal axes. then one can assume the non-diagonal
terms, 1/myj to be zere 30 By considering the field to be along the

third axis such ‘%= the vector potential is taken along the second
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axis with a magnitude of Hyx,, then the general solution to the

anisctropic GL equations can be written

¥ = Y Cp exp(inkxy) wa(x;) , (3-70)

N=-oc0

| I nhck
Va(Xx1) = exp)- ?’-I(D x'2eHo

where 1/m;, = 1/m,; = 0 and A = H,x,é,. The condensation

energy can be written
dy |2
: "lhdx,l

1l d 2e 2
T2m2|(—lhdx2 -G Hoxl)w‘
which when minimized with respect to y gives
h2 (d2y L L (pd 2ie
2my |dx;2) 2my{ dx; | ¢ o¥1| ¥
+ lathy - Bhyl2y = 0. (3-72)

By rescaling the spatial variable x, by the effective mass ratio so

1 1
F¢-Fp = alyl2 +§Bl\vl4 + 5

(3-71)

that
m, 1/2 ,
xzz(m—z) X', (3-73)
equations (3-71) and (3-72) can be rewritten as
1 1 d2y (2
-Fn = 2 + —Blyd - -
Fg-Fp = alyl +2[3|\pl +2m1’ 1hdx]2 (3-74)

1
2m1

, (i) ol

1 d2y 1 d (2
2
2m; dx,2 2m1khdx2 ( )1"ox1)2\lf+|0llw Blyléy =0, (3-75)
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where ¢ = (m;/m,)!/? e. Equations (3-74) and (3-75) are now in
the same form as their corresponding isotropic GL equations. This
is quite significant since it states that the basic difference between
the isotropic and the anisotropic GL equations is that the scalar
magnitude of the anisotropic coordinate is corrected by the
effective mass ratio, as given by (3-73). Since only the length scale
of the coordinate in the GL equations changes due to an anisotropic
effective mass, all the parameters that are independent of the
coordinate, (such as T; and H¢) will remain unchanged, while all
spatially dependent parameters (such as A and §) will be modificd
by the effective mass ratio.

Tilley further stated'Y? that the only place where the GL free
energy depends on m and e is in the gradient term in the equation
(3-28). The characteristics of the gradient term in the GL
equations can be described by the two characteristic lengths, & and
A. Thus the anisotropy in the effective mass can be expressed by

100

these two lengths or more simply, by their ratio So for an

anisotropic superconductor, where the field is perpendicular to m,

and m,, x from equation (3-38) can be written'?!

1/2
_Ln_lg(L)lﬂz(m,mz) (1)1/2. (3-76)

K=
2e'h \2™ 2eh 21
In terms of the characteristic lengths, x is written
A\1/2
142
K=|T—"7-° , (3-77)
5152)

where A; and &; represent the characteristic lengths from the

superconducting charge carriers whose effective mass is given by

m; in equations (3-35) and (3-32) respectively.
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Since the high T, superconductors, in general, have uniaxial

symmetry, the anisotropic GL theory will be considered for an
uniaxial system. For such a system, the effective mass along two of
the principal axes will be equal, while for the third axis, it will be
different (m;=m,# m3). Transport measurements on high T¢
systems, which found the resistivity in the ¢ direction to be much

higher than the resistivity in the a,b plane, indicate that m; >> m,,

m,. Thus equation (3-77) becomes,

C a,b,a,b\1/2
la.b A'b.a}‘c /

Kc=§ab and k&b = g—g— , (3-78)
s ,a =C

where the superscript denotes the field direction and the subscript
denotes the direction of A or £ in which A or & measures the
variation of H or y. Since all the mass anisotropy is incorporated
into x, both the relationship between H.» and H; given by (3-52),
and the relation between Hcp and H; given by (3-66) still holds,

but where x is now represented by xi in (3-78) so that

. , . He .
1%y=45wnczmd1%p~vaﬂmw. (3-79)

To represent (3-79) in terms of the characteristic lengths,

equations (3-54) and (3-65) can be rewritten into the anisotropic

forms?!-92.102
o) L)
Heot = ——>5. Hgoab=r"7"— 3-80)
2" = ont, 2 c2 2n8a,béc (
and
_ P D,
Hci€ ~ Ink¢, Hgpab ~| ——— |Inxa:b, (3-81)
c 2 a,b, c
4“)‘3 b 41y oMb, a



From equation (3-79), since the anisotropic term in H¢2 and He |
comes from xi given by (3-76), the anisotropic ratio in H¢p and Hg

can be written in terms of the effective mass anisotropy®?,

Heof _(Ma.p 1/2 H¢o € _(_m¢ 1/2 Ink¢ 3.8
cha.b_(mc] Hc]a.b" myp Inxa.b (3- 2)
where
K€ m 1/2
Ka.b=(—n7“f] - (3-83)

From the equations (3-32), a change in the effective mass is found
to affect the colierence length by (m"‘)'l/2 such that & decreases
with an increasing m*, resulting in a larger H¢2. For the high T¢
systems, since m¢ >> m,y, &c is expected to be smaller than &, p and
from (3-80), Hc2¢ should be smaller than Hgpab.  Similarly, a
change in the effective mass is found to affect the penetration
depth by (m*)1/2 so that A increases with increasing m*. The
relative anisotropy of the penetration depth is quite complicated,
since it depends upon both the field and supercurrent orientation
with respect to the anisotropic axis. The anisotropy of the
magnetic penetration depth can be analyzed using the anisotropic

London equations, as will be discussed in the next section.

Anisotropic London Equations

The effect of uniaxial anisotropy on the magnetic penetration
depth was analyzed by Kogan'03, as well as by Balatskii, Burlachov
and Gor'kov!?% who calculated how anisotropy affected the London

equation (3-14). These calculations are found to be useful in

understanding the magnetic properties for the anisotropic high T¢
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superconductors22 Both models considered the GL equation (3-30)

in the form
. e* e * e*ns e *
Ji =—n:l—*l\yl2 (hVQ) - —C‘A)= ¥ (th; - _C—A) (3-84)

where ¢ is the nhase of the superconducting order parameter.
Since Kogan'o3 based his analysis on the effects of the anisotropic
GL equations on the London penetration depth, his anisotropic
parameter was defined as the effective mass, m = mj;. Balatskif et
al.'%% on the other hand were analyzing the anisotropic London
equations for the heavy fermion systems having an anisotropic
order parameter, and thus they defined their anisotropic
parameter as the density of superelectrons, n = njj. Using the
London equation (3-14) and (3-15) with Maxwell's equation

(3-16), Kogan rewrote equation (3-17) into the form

’ 2
c
h + (ns4ne*2]VX (mU Vxh)= 0 (3-85)
while Balatskii et al. wrote it as
h m*02 -1 v _ 86

where m;; and ng;j are the anisotropic forms of the effective mass

and the superelectron density respectively. Though the basic cause
of the anisotropy in Kogan's and Balatskii et al.'s models is
differcnt, the resulting mathematical forms of (3-85) and (3-86)
are the same. Since the anisotropic GL equations have been used
extensively for this thesis, the anisotropic London's equations will
be calculated using the effective mass as the anisotropic parameter
as in equation (3-85).
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For the high T, systems, having uniaxial anisotropy where
m¢ >> m, p, by assuming the anisotropic axis to be along the third
direction, the mass tensor can be written mp=mj = m , < M3 = M.
Two specific cases can now be considered: firstly where the field is
oriented along the c direction and sccondly, where the ficld is
oriented in the a,b plane. For the first case, since the field can be

written h = hész, one can write the curl of h as

dh dh,
Vxh=(dye1 ,-dxez). (3-87)
The change in the internal field will occur in the x,y plane so that
d2h d2h .
Vx (leXh)': - dx2 - d 2 ma'b e3=0. (3‘88)

or from (3-85)
2 2 2
h+( < ](-d h d h)ma‘bé;;:(). (3-89)

ns41te*2 dx2  dy?2
Equation (3-89) is a two-dimensional, second-order differential
equation representing the field change in the x,y or a,b plane.
From symmetry, the two dimensional equation can be separated

into two, one-dimensional equations. Along the x axis, equation

(3-89) becomes

c2 d2h .
h(X) +- ns4ne*2 - dy2 ma’b 83 = 0 , (3"90)
for which the solution is of the form
ndne*2
h(x) = hy e VAX A= (3-91)
2
my pC

Due to uniaxial symmetry, when H is along the uniaxial axis (z or

c axis), the field change along the y axis will be the same as (3-91)
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such that
h(y) = h, ¢ VAY. (3-92)

As the field penetrates into the superconductor, it is dampened

exponentially with a penetration depth of

2
c mg bc 1/2
}\'a'b [ns4ne*2) ’ ( )

along x,y or a,b. Thus when the field is along the anisotropic axis,
the penetration depth is axially symmetric and is found to be
similar to that of an isotropic superconductor.

When the field is applied in the a,b plane, by assuming the

field is along the x or a axis, the field can be written as h = héy, so

that the curl of h becomes
dh dh,
Vxh=(dz ez,-_dye3). (3-94)

For this field orientation, the change in the internal field will occur

in the y,z plane such that (3-85) becomss

d2h d2h

2
et N\
h . 5.9 - ——1é2 =0. -
+[ns4ne*2]k mcdy2 Ma b d22)e3 0 (3 95)

Equation (3-95) like (3-89) is a two-dimensional, second-order
differential equation. Dividing (3-95) into y-and z-dependent

parts gives the two solutions

n¢dne*2
h(y) = h, e™VBY , B=— (3-96)
[
nedne*2
and h(z) = hy e"VAZ A:=:ﬁ—;;§-. (3-97)
a,

From (3-97), the penetration depth along the z or c axis is found to
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be the same as (3-93),
)30 _ ¢ (3-98)

c ~— a.,b

while from (3-96) the penetration depth along y is given by

2

mc.c 1/2

A0 | — = 3-99
b.a (ns47te*2] ( )

So when the field is oriented perpendicular to the anisotropic axis
(z or ¢ axis), it is the penetration depth orthogonal to this axis and
the field that is anisotropic. This is because the penetration of the
field depends upon the current running orthogonal to it, and since
the current along the c or z axis is the anisotropic current, it is the
penetration along the a,b or x,y plane that is anisotropic and is of
the form (3-99). For the high T, superconductors, since m¢ > myp,
the penetration from (3-99) should be bigger than the penetration
from (3-93).

There are several interesting effects that arise from the
effective mass anisotropy. Firstly, the characteristic lengths
become anisoiropic due to the anisotropy of the supercurrent
effective mass. Furthermore, anisotropic characteristic lengths will
affect the shape of the vortex line in the inixed state, making their
cross section ellipsoidal'®® in shape. Finally V. G. Kogan'%3 as well
as Ralatskii, Burlachkov and Gor'kov!®* found that since there is a
hard and an easy axis for the supercurrent flow, when a field
greater than H¢((T) is applied at some angle to the anisotropic axis,
the vortex will not align in the same direction as the applied field.

This results in the appearance of a transverse magnetic moment
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for such field orientations. As these consequences arising from the
mass anisotropy are complex problems, they will only be discussed

in the following chapters if they relate to the experimental

discussions.

Until now, the discussions have been primarily centered
around the intrinsic properties that characterize an ideal type II
superconductor. However non-intrinsic characteristics such as the
existence o. impurities, defects and inhomogeneities may affect the
superconducting properties as well. Defects and impurities, in
general, tend to decrease the order parameter in the regions
around them. Thus it is understandable that with enough defects
and impurities, the superconducting phase can be degraded or
even destroyed‘°5’106. However, even a small fraction of defects
will still affect the magnetic properties of the superconductor.

One such effect is the influence of defects and impurities on
the mixed state of a type II superconductor, resulting in an
irreversible magnetization. In other words, once the
superconductor is in the mixed state, the magnetization will not
retrace itself when the applied field and/or the temperature is
changed and returned. This hysteretic behavior is often said to
come from an attractive interaction of the vortices with the defect
sites that prevents the movement of the vortices, even in the
presence of a non-equilibrium field distribution or an induced

current.  Superconducting materials having this behavior were
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often called "hard" superconductors. The dynamics of this

condition are given by the critical state as will be discussed.

Anderson Model and Flux Pinning
In 1962, Anderson introduced a microscopic description of

107 Anderson

the effect of defects on the dynamics of flux vortices
states that the defect sites are generally regions where the
condensation energy is lower than in the pure material, such that
they would act as free energy barriers for a vortex line. In other
words, since there is an increase in energy with the creation of a
normal core within the vortex, it is energetically favorable for the
vortex core to be situated at a region already having s smajler
energy condensation. Thus defect sites act as potential wells or
barriers on the vortex lines and pin them in place. The magnitude

of the potential well (i.e. the pinning energy) can basically be

written as

H.2

C
Fp = (Fy-Fs) &3 = (—S—n—) a3, (3-100)

where d3 is the volume of the vortex interacting with the pinning
site. Equation (3-100) r .y pe considered to give the maximum
amount of energy that the pinaing site may induce on a vortex.
More commonly, the pinning energy will be some fraction of the

above energy and is given as

He2
= — 3 ’ -1¢
Fp p(gn)d (3-101)
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where p < 1. The magnitude of p will depend upon several factors
including the amount of decrease in the condensation energy at the
pinning site, as well as the relative size of the pinning site with
respect to the vortex. This pinning -nergy is often written as U, in
some of the more recent studies Jdux pinningzs.

The consequence of thes: aning sites is that they frap
vortices that enter them, leading to a non-uniform flux distribution
within the surerconductor. It is only when a Lorentz force, g:oater
than the piniing force, is exerted on the vortex that it will become
depinned and free itself from the pinning site’®.  This condition,
often called the critical state. is described by the condition

fp(r) = fi.(r), (3-102)
where f is the force exerted on a vortex located a: the position r.

The standard Lorentz force equation for a current and a field

B
F=J x; (3-103)
can be written for  vortex as
. 9D, )
f=JX"C", (3-104)

where f is the force on a single vortex”® j is the current density
and @, is the flux quantum. This force, if not opposed by a pinning
force would move the vortex line transverse to the field. Such a

movement of the vortices would induce an electric field,
E=Bx—, (3-105)

where v is the velocity ¢ the travelling vortex. The presence of
the electric field results in a power dissipation even when the

material is in its s.:perconductive state.
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This Lorentz force occurs in two ways, one from a current
and the other from a non-uniform field distribution within the
sample. In the first case, if the local field produced from an
applied current, as described by Ampere's law, is lower than H¢j,
the current and associated fields will be in the penetration layer at
the surface of the superconductor due to the Meissner effect.
However when the local field becomes greater than Hcy, part of the
magnetic field will enter the bulk in the form of vortices. A
Lorentz force will act on the vortices such that they will move
towards the current and eventually annihilate in the center’>+80,
Thus for an ideal, type Il superconductor, any current greater than
H.;1 would result in a power dissipation. However, if the current
was applied to a superconductor containing flux pinning sites, the
current must become large enough that the Lorentz force becomes
greater than the pinning force in ordei to mzke them move. This
depiiming current is often called the critical state critical current
and depends upon non-intrinsic properties, such as the density of
defects in the material.

The second case, where a non-uniform field distribution
creates a Lorentz force, occurs only if theic are pinning in the
superconductor. When a mugnetic field that is greater than H¢(T)
is applied to a superconductor, magnetic vortex lines wiil begin to
nucleate, enter the sampic and try to form a uniform lattice
structure. However, existing flux pinning sites wiil prevent the
vortices from moving into the sampie, resulting in the

accumui.'ion of pinned vortices in the outer region o the
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superconductor. This in turn creates a field gradient due to the
non-uniform flux distribution in the material. From Maxwell's
equation (3-16), the field gradient can be related to the currents
travelling around the bulk of the superconductor. The interaction
of this current with the vortex field produces a Lorentz force on
the vortices directed into the center of the superconductor. When
the Lorentz force is large enough (i.e. the field gradient is sharp
enough) to satisfy equation (3-102), the vortices will overcome the
pinning barrier and enter the sample until the Lorentz force is
once again lower than the pinning force. Thus a field greater than
H¢1, apolied to a hard superconductor will result in the creation of
a negative field gradient penetrating into the sample. The size of
this field gradient will give the critical state critical current
necessary to satisfy the critical state equation (3-102).

The critical currents obtained in the two cases are related to
each other, sincc .ney both must satisfy the critical state equation
(3-102). For application purposes, fiux pinning plays a very
important role since with higher pinning energies, higher currents
can be applied to the superconductor withcut experiencing energy
losses. Thus many of the preliminary studies on the critical
state??-107-109 were done before the discovery of the high T¢
superconductors, to understand the magnetic behavior of hard

superconducting materials such as Nb-Zr and Mh-Sn.
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Bean Model of the Critical State
One of the first analyses done to describe the magnetic
behavior resulting from the critical state was the Bean critical state

129:108  Bean assumed the pinning energy, (3-101) of the

mode
critical state to be independent of applied magnetic field, in which
case the pinning force will be constant for any local internal field
within the superconductor. Thus the Lorentz force necessary to
overcome the pinning force will also be independent of the local
internal field. In this model, a linear field gradient into the
superconductor is considered such that the critical state critical
current, jo has a constant value.

By considering an infinite cylindrical superconductor where
the fi. ;. is oriented along the length of the cylinder, the three
dimensional Maxwell's equations can be reduced to one dimension
due to radial symmetry and the independence of any quantity
along z. If the sample was cooled in zer field to a temperature
below T and a field much greater than H¢((T) was applied, the
flux lines would enter and distribute themselves to satisfy the
critical state equation (3-102). Since the Bean model assumzs a
field-independent pinning energy, the field profile along the radius
of the cylinder would be linear as shown in Figurc 3-3(a). The
magnetic induction describing the amount of flux that has entered
the material is represented by the shaded region below the ficld
gradient line shown in Figure 3-3(a), while the diamagnetic region
is represented by the unshaded portion above the field gradient

line. As the applied field increases, the diamagnetic portion will
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decrease as shown in Figure 3-3(b) until at a certain applied field,
H*, the flux has fully penetrated the sample. For fields above H¥,
the amount of diamagnetism does not change with increasing H, as
shown in Figure 3-3(b).

Bean analyzed the magnetization effect for the above model
by calculating the average internal magnetic induction using the

equation

= (3-106)

where 7 is the local magnetic field in the superconductor. The
linear field profile assumed by the Bean Model simplifies the
geometry of the integration. For a cylinder, due to radial
symmetry, the local fields need to be integrated only along the
radius of the cylinder as shown on Figure 3-3(c). For a field of
H' < H*, where the flux penetrates to the point r' as shown in

Figure 3-3(c), # is found to be
sk

H
r— '- * L
3= (R)r+(H H*) T <r<R. (3-107)
0 r<r

Since Jﬂfdv = L21tj?fl‘dl’ in cylindrical coordinates where L is the

length of the cylinder, then by integrating (3-107) from r=0 to R,

equation (3-106) can be written,

[ g2 3
Ho H H < H*
H* JH*2
B=< %H* H=H*. (3-108)
s
H-H— H > H*
\ 3



The value of B for H = H* is found by setting H equal to H* in the
H < H* term. Similarly, B for H > H* is found by taking the
diamagnetic portion from the H = H* term (i.e. H* - 2/3 H*) and
subtracting it from H. The corresponding magnetization

expressions are written

2 3
= Hi?g— + '3—:::*2 H < H*
4rM = % . (3-109)
P H2> H*
3
From Maxwell's equation (3-16), H* (in G) is found to be related to
the critical state critical current jo (in A/cm2) by the equation! 08
_I-t -47tjc
R =10 (3-110)

where R is the radius of the sample (in cm) and c¢=10. The
dimensional analysis of equation (3-110) and the explanation of
why c=10 is given in appendix II. The second derivative of
(3-109) for H < H* is negative, implying that the magnetization
curve has a downward curvature within this region. This
downward curvature in the magretization is due to the decrease in
the diamagnetic shielding with increasing field.

Equation (3-109) and (3-110) gives a direct relationship
between the strength of the flux pinning and the corresponding
magnetization behavior. Since the strength of the pinning is
represented by the critical current j;, stronger flux pinning giving
a larger j. will result in a higher H* for a sammple of given radius R
as shown by equation (3-110). The magnitude of “I* will then

affect the behavioi of the magnetization curve given by (3-109).
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Figure 3-4 reprercnts the way in which a change in H* affects the
magnetization curve. The figure shows that with increasing H*, the
curvature of magnetization becomes broader. This is because with
increasing pinning energy (which increases jc and H*}. a iurger
Lorentz force must be applied to the vortex before the critical
state, given by (3-102), is reached and thus fewer vortices can
enter the material at a given applied field.

The Bean model not only describes the magnetization
behavior for a hard superconductor, but also explains the
hysteretic behavior observed in the magnetization curve with
decreasing field. As the applied field is decreased, it becomes
lower than the internal field within the outer regions of the hard
superconductor. The resulting Lorentz fuice is now directed
outward in these regions. Since the critical state given by equation
(3-102) must still be satisfied, Bean's model states that the
magnetic field profile becomes a complicated combination of
regions having increasing and decreasing field profiles as shown in
Figure 3-5.  With decreasic:z field, the trapped flux within the
superconductor makes the magnetization irreversible. Thus
hysteresis found in the magnetization curve is another indication
that flux pinning is occurring in the superconductor.

It must be understood that Bean does not explain the source
of the linear field profile, but only shows that field independent
flux pinning may give such an effect. The Bean model is more a
mathematical analysis of the magnetization resulting from a linear

field profile than a physical derivation of flux pinning. Therefore
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the model is strictly valid only under assumptions that Bean makes
within his model. Realistically, there is no reason that flux pinning
should result in a linear field profile. In fact, high field
magnetization measurements made on high T superconductors for
H >> H* show that the magnetization decreases with increasing
field; a characteristic not describable by the Bean model. Further
Bean does not include any temperature dependence in his model,
making it difficult to analyze the validity of the Bean model with
temperature change. Thus there are several limitations that one
should be aware of when using the Bean model. However, due to
the simplicity of the model, it becomes quite useful when rough

calculations of the magnetic critical current become necessary.
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Ch. 4 Basic Experimental Procedures

Magnetic measurements are useful when investigating the

anisotropy in these high T, superconductors. For critical current
measurements, the extremely small size of the samples makes
transport measurements impossible. Instead, estimates of the
critical currents can be obtained from magnetization

measurements using the Bean critical state model. Also, since
many of the intrinsic characteristic superconducting properties are
related to the internal magnetic field (such as H¢p, He2, He and A)
magnetic measurements become crucial when investigating these
properties.

The small size of the single crystals of YBapCu3O7_5 makes

the absolute magnetization signal very small. A typical mass of a
single crystal YBapCu307.§ is approximately 100 pg and the
density is 6.398 g/cm3. Thus in order to observe a sample
magnetization of 1 emu/cm3, the measuring instrument must be
able to read an absolute magnetic moment of 1.6 x 10-5 emu. For
such a small signal, the high sensitivity of a SQUID
(superconducting quantum interference device) magnetometer
becomes very useful. Tynical sensitivity of a SQUID magnetometer
is 1 x 10°9 emu, and if background signals are kept to a minimum,
a signal of 5 x 10-8 emu can be measured''?.

The experiments that will be discussed in the following
chapters were performed using two commercial SQUID

magnetometers; a SHE VTS SQUID magnetometer with a 1 T magnet
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and a Quantum Design MPMS SQUID magnetometer with a 55T
magnet. Both magnetometers use a continuous flow of He4 gas
near 4 K to cool the sample and are capable of measuring
magnetization from room temperature to 4 K. In the SHE system,
the sample is cooled directly by the He# vapor while in the
Quantum Design system, there is an intermediate chamber which is
cooled by the He4 gas, which in turn e sample through heat
conduction via a small pressure of Hc .. * chamber.

The actual SQUID detection of tue . ple for both machines
is performed using a superconducting flux transformer!!!. The
background signal is kept to a minimum by arranging the pickup
coils in a coil, counter-coil arrangement. In the SHE system the
pickup coils are arranged so that the coil and counter-coil of equal
turns are placed axially along the magnetic field as shown in Figure
4-1 (@ For each measurement, the sample passes through the coil
and ~r-coil giving two signals of equal magnitude but with
op}. .gn. The magnetic moment from the sample is obtained
by addi._ the magnitud® ~f the maximum signal from each coil
and dividing by two. Tic Quantum Design system is a second
order gradiometer where a counter coil of 2n windings is placed in
the middle of two sets of coils having n windings/as shown in
Figure 4-1 (b). This coil arrangement not only will null any
constant background signal but also any background signal that
has a linear gradient along the axis of the coils. The sample is

moved through the coil arrangement and the signal is fit to a
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second gradient function to obtain the actual magnetic moment of
the sample.

The signal of the sample holder was kept to a minimum by
using materials having a small magnetic moment. The sample
holder for the SHE SQUID consisted of a thin mylar sheet
suspended by 40 gauge Cu wire. The mylar sheet was arranged
either horizontally or vertically, depending upon whether the field
was oriented along the c axis or in the a,b plane of the specimen.
For the Quantum Design SQUID a thin quartz rod (~1.0 mm
diameter) was placed such that the rod always passed through the
center of all three coils throughout its entire travel. This
arrangement was used so that the signal from the sample holder
itself would also be nulled out. This method could not be used on
the SHE SQUID because the distance from the lower pickup coil to
the bottom of the sample chamber was shorter than the distance
between the pickup coils. Since all the measurements taken using
the Quantum Design SQUID were for the field in the a,b plane the
platelike samples were easily attached to the side of the quartz rod
using Apiezon N grease. Finally to minimize the effects of any
gradients in the applied field from the magnet, the scanning length
was kept to the smallest possible value that passed the sample
through all the pickup coils. This length was 2 inches for the SHE
SQUID and 5 c¢m for the Quantum Design SQUID.

All the measurements investigating the flux pinning behavior

in the single crystals of YBapCu307.g, were taken with the SHE

SQUID magnetometer since the Quantum Design SQUID
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magnetometer was not yet available at that time. Thus the
maximum possible field that could be applied was 10 kG. For each
of the magnetization measurements the sample was cooled in zero
field to the desired temperature. After the temperature was
stabilized, the magnetization measurements were taken for
increasing field. After the maximum field of 10 kG was reached,
corresponding magnetization measurements were taken for
decreasing field in order to observe the magnetic hysteresis. In
order to minimize any time dependent effects in the magnetization
measurements, each measurement was taken exactly 15 minutes
after the field was set. The value of H* given in the Bean model in
Ch. 3 was determined from the maximum in the magnetization

curve. For fields greater than H* the magnetization values were

used to estimate the critical current jo from the equations (3-109)
and (3-110). For fields below H* Bean's assumption that jc is field
independent was taken to obtain a rough estimate for jc-

Both the SHE SQUID magnetometer and the Quantum Design
SQUID magnetometer were used to investigate the lower critical
field in single crystals of YBapCu307._5. Detailed magnetization
measurements were taken to observe the field of flux entry most
accurately. The data were then fed into a computer program
which performed a linear least squares fit to the data. The number
of points used to fit the line could be easily changed. The program
displayed both the slope of the line, as well as the standard
deviation. Finally, the program could subtract the magnetization

data from the linear fit to obtain the data for the deviation curve.
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The remnant field of the superconducting solenoid was minimized
by degaussing the magnet at T > T¢ prior to each run. To degauss
the magnet, a series of ramps were performed where each field
ramp was followed by a field ramp in the opposite direction to half
the field of the previous ramp (i.e. Hmax, -1/2 Hmax, 1/4 Hmax,
...). This series of field ramps was performed until the applied field
was less than 1 G. Using this degaussing procedure the remnant
ficld from the magnet was reduced to less than 1 G. The
magnitude of the remnant field was determined by extrapolating
the linear diamagnetic portion of the magnetization curves to zero.
Every entry field value was corrected for the remnant field by
subtracting the extrapolated estimate of the remnant field from
the "as read” entry field. Further explanations of the experimental
procedures for both the flux pinning experiment and the lower

critical field experiment will be discussed in the following chapters.
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Ch. 5 Flux Pinning and Critical urrents n
YBa2Cu307-§

Anisotropy in flux pinning, magnetization and critical

currents
Some of the deepest investigations of high T¢

superconductors have been directed towards their possible
technological applications. One such example is the fabrication of
superconducting wires using these materials. However, a major
drawback appeared when transport critical currents in
polycrystalline samples were found to be very low compared to
those in good A!5 superconductors“z. A major factor for the low
critical currents arose from the poor connective nature of the
superconductivity due to the granularity of the sintered
polycrystalline samples. With the availability of single
crystals‘s’zo, it has become possible for critica: currents to be
measured without the grain boundary problems inherent in the
polycrystalline materials. However the small size of the single
crystals makes direct measurement of transport critical currents
on them impossible. Fortunately, using the critical state model
discussed in Ch. 3, magnetization measurements can be used to get
a rough estimate of the magnetic critical currents and their
dependence on temperature and field.

In this chapter, magnetization measurements are discussed

that have been performed to characterize the flux pinning

behavior of bulk YBazCu3O7-527. The discussions in this chapter
80



will cover the anisotropy of the flux pinning and the magnetization
critical currents due to the presence of flux pinning sites in the
crystals. The magnetic critical currents of the single crystals will
be compared with those of polycrystalline samples. Further

113 6n the

discussions will cover the effects of neutron irradiation
enhancement of magnetization and flux pinning behavior. It
should be noted that these are some of the preliminary

measurements that were performed to observe the flux pinning

effects in single crystals of YBapCu307_s.

The single crystals of YBapCu30O7.g§ used for these
measurements were prepared by Dr. J. Z. Liu using the self flux
method??. Some details on single crystal growth of YBapCu3017.s,
using the self flux method are discussed in appendix III. The
crystals were found to be near cubic parallelepipeds with the
dimensions being approximately 0.3 - 0.5 mm along the a,b axes
and 0.25-0.3 mm along the c¢ axis. The mass of the samples was
found to be approximately 200 pg. X-ray measurements on
several crystals showed an orthorhombic unit cell?® with cell
parameters being a = 3.82 A, b = 3.88 A and ¢ = 11.67 A.

The transition temperatures of the single crystals were
measured in a special SQUID magnetometer designed to be
operable in very low fields (H < 0.5 G), where data can be taken
continuously as a function of temperature and field''*. The
transition curves were obtained by cooling the sample in zero field

to 4.2 K, applying a field of 10 G, and measuring the magnetization

with increasing temperature! 1>, T, was defined to be the
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temperature where the onset of diamagnetism in the shielding
curve occurred. All the crystals showed bulk superconductivity
with T at approximately 92 K. Figure 5-1 shows an example of a
zero field cooled temperature dependent magnetization curve for a
single crystal of YBapCu307_5 in an applied field of 10 G along the

¢ axis. From Figure 5-1, T¢ is found to be approximately 92.0 K

with a 10 K transition width. As these crystals displayed high
transition temperatures straight from growth, no additional
annealing in oxygen was done on them. The polycrystalline
samples used for comparative studies were prepared by mixing
powders of Y203, CuO, and BaCO3 in their proper stoichiometric
ratios, pressing the powder into pellets, reacting the pellets in
flowing 02 at 950 C for 24 hours and finally annealing in flowing
02 at 700 C for 24 hours, followed by a furnace cool to room
tcmperature“(’. The shape of the polycrystalline sample used for
the experiment was roughly a 5 mm cube.

D. C. magnetization measurements were performed using a
commercial SHE SQUID magnetometer. The samples were initially
cooled below T, in zero field and after temperature stabilization,
magnetization measurements were taken in fields up to 10 kG.
For H//c, the field was increated in steps of 200 G up to 10 kG,
while for H//a,b, field steps of 200 G were taken up to 1.4 kG, after
which 1 kG steps were taken for the higher fields. In order to
avoid any drift in the applied field from the magnet, each
measurement was taken fifteen minutes after the field was set.

After the magnetization measurements were taken up to 10 kG,
82



Figure 5-1
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measurements were taken in decreasing fields to observe any
hysteretic effects. Such measurements were done at temperatures
of 5 K, 45 K, and 77 K.

The magnetization for fields in the a,b plane, and along the ¢
axis for a single crystal of YBapCu307.5 at 5 K is shown in
Figure 5-2. The magnetization for H//c is found to be significantly
larger than for H//a,b, suggesting anisotropy in the magnetic
critical currents and flux pinning in the cubic shaped single crystal
of YBapCu307.5. The initial magnetization for fields along the ¢
axis is only linear up to about 1 kG. Above 1 kG, the magnetization
curve gradually deviates from linearity but continues to rise in
diamagnetism up to 9 kG, as is typical of samples with strong flux
pinning. Between Y kG and 10 kG, the magnetization curve
saturates, indicating constant diamagnetism in this field range.
The magnetization curve for H//c shown in Figure 5-2, up to
10 kG, is similar in basic structure to the magnetization curve
calculated from the Bean model as shown in Figure 3-4. The
magnetization for fields in the ab plane increases in magnitude up
to approximately 1 kG. Beyond 1 kG, the magnetization curve is
found to decrease in diamagnetism with increasing field. This
decrease in the diamagnetic signal above 1 kG is not characteristic
of the Bean model and indicates field dependent flux pinning in
this field range for H//a,b. In the discussion of the Bean critical
state model'?® in Ch. 3, a value H* was introduced to be the field
where the system first encounters full field penetration as shown

in Figure 3-3(b). From Bean's model, H* is characterized by the
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maximum in the diamagnetism found in the magnetization curve.
From Figure 5-2, we can estimate H* to be approximately 9 kG for
H//c and approximately 1 kG for H//a,b. For this nearly cubic
shaped sample, the significantly smaller H* observed for H//a,b
than for H//c also indicates a strong anisotropy in the flux pinning.
Irreversibility in the magnetization is also shown in
Figure 5-2, resulting in magnetic hysteresis for all field
orientations. This hysteretic behavior in the magnetization curve
is further indication that flux pinning is present in the
superconductor. In contrast to the large hysteresis observed in the
magnetization for H//c, the magnetization for the H//a,b shows
much less hysteresis. This lower hysteresis further confirms that
there is significantly lower flux pinning for H//a,b than for H//c.
The magnetic critical current density jc can be obtained from
the magnetization curves using the Bean critical state model as
discussed in Ch. 3. For these measurements, cylindrical
approximations were taken to calculate the Bean critical
magnetization current. From equations (3-109) and (3-110) the

Bean critical magnetization current jc (in A/cm?2) can be calculated

from the magnetization M (in emu/cm3) using the relation

. 30M
jic="g (5-1)

for H 2 H*, where R is the radius of the sample (in cm). Taking the
radius as R = 1.5 mm, the critical magnetization current for the
field along the ¢ axis (i.e. for current in the a,b plane) is found to

be 1.4 x 100 A/cm2. The derived critical current is similar in
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magnitude to that derived from magnetization measurements in
thin films'!'? of YBapCu307.5. In Table 5-1, the critical
magnetization currents for all field orientations at the different
temperatures and fields are given. For fields in the a,b plane, the
critical magnetization currents are much smaller and are strongly
field dependent for fields above 1 kG as shown by Table 5-1. For
fields less than 1 kG, Jc for H//a,b is a factor of 10 smaller than for
H//c, falling to a factor of 50 smaller at 10 kG. Table 5-1 also
shows the lower critical currents in the sample with increasing
temperature for H//c.

Flux trapping and hysteresis for fields along the c axis
decrease dramatically with increasing temperature as shown in
Figure 5-3. The maximum values of the magnetization and the
remnant flux are both a factor of 10 smaller at 45 K and a factor of
100 smaller at 77 K than at 5 K. This decrease in flux trapping is
in agreement with the decreasing critical currents with increasing
temperatures shown in Table 5-1. From Anderson's critical state
model'%7, equation (3-101) may be used to obtain the magnitude
of the potential barrier of the pinning site. If we assume that the
normal core of the flux vortex is cylindrical, the volume multiple of
the pinning energy can be given as the cross sectional area of the
vortex core times the dimension of the pinning site along the
length of the vortices. Since the cross sectional area of the vortex
can be written in terms of the coherence length, the flux pinning

strength can be estimated from equation (3-101) to be
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Table 5-1

T(K) H(kG) jc(Alcm2)
a b c polycrystal
5 0-10 1.4 x 1006
5 1.0 1.2 x 105 1.1 x 105
4.0 7.3 x 104 6.0 x 104 1.4 x 104
6.0 52 x 104 45 x 104
10.0 3.2 x 104 2.8 x 104 1.3 x 104
45 1.0 1.1 x 109
2.0 6.6 x 102
4.0 9.4 x 104
8.0 6.2 x 102
10.0 6.9 x 104
77 1.0 1.1 x 104
2.0 2.3 x i02
4.0 57 x 103
6.0 1.2 x 102
10.0 43 x 103
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2

H
Fp =p(‘§%t‘)n§2L (5-2)

where L is the dimension of the pinning site along the length of the
vortex. Thus any change in the values of H¢ or £ will affect the
flux pinning strength. Equation (5-2) indicates that the strong
decrease in flux trapping at 45 K cannot be due to a degradation of

1 .
the superconducting behavior since at > Tc, the critical field, the

coherence length, and the magnetic penetration depth have nearly
achieved their limiting low temperature values. However with an
increasing temperature there is an increase in the thermal energy
kg T, which is not considered in equation (5-2). This increase in the
thermal energy will decrease the net potential barrier of the
pinning site, resulting in a lower flux pinning potential with
increasing temperature. Since at 77 K, the thermal activation is
higher and the condensation energy lower, the hysteresis is found
to become even smaller.

Magnetization measurements on polycrystals at 5 K, 45 K,
and 77 K were carried out in order to compare their derived
critical magnetization currents with that of the single crystal. The
magnetization curve for the polycrystalline sample at 5 K
resembles the single crystal curve for H//c but with a factor of 10
reduction in magnitude as shown by Figure 5-4. However, since
the polycrystalline sample is a factor of ten larger in dimension
than the single crystal, the derived critical magnetization current is
two orders of magnitude smaller than that of the single crystal, as

given in Table 5-1. At higher temperatures, the magnetization
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curves for the polycrystal become more nearly reversible and the
critical magnetization currents decrease significantly as shown in
Table 5-1. The derived critical magnetization currents for the
polycrystal sample shown in Table 5-1 are in good agreement with
those reported elsewhere!18:119  These critical current values for
the polycrystal are calculated with the assumption that the grain
boundaries have not lost their superconductivity and that the
supercurrents are travelling around the whole cross section of the
polycrystal as shown in Figure 5-5(a). Assuming this to be true,
the smaller magnitude of the critical current for the polycrystal
suggests that the flux pinning energy is lower in the polycrystal
than in the single crystal. The other assumption that can be made
is that the grain boundaries have become normal, thus decoupling
the supercurrent in the boundaries, such that they now only travel
along the individual grains as shown in Figure 5-5(b). For such a
case, the R value in equation (5-2) can be reduced to that of the
individual grains and the critical currents are found to be larger.
Since we do not know the actual dimensions of the individual
grains for this sample, we cannot get a numerical value of the
critical current, but an increase in the intra-grain critical current
by a factor of one hundred is not out of the question. However
even if the critical currents within the grains are high, this
calculation assumes that the grain boundaries are no longer
superconducting and that the currents cannot travel along the
entire bulk of the polycrystal. Thus whichever assumption is

taken, the polycrystalline samples are found to have a lower bulk
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critical current than the single crystals. To eliminate the problem
of the grain boundaries, one must either increase the critical
current of the grain boundaries by increasing the inter-grain
coupling or eliminate them altogether by making a long single
crystal.

The anisotropy in the flux pinning can result from two basic
effects, the anisotropy of the pinning defect dimensions and the
anisotropy of the vortex filament. Since YBa2Cu307-§ has uniaxial
symmetry with the effective mass along the c¢ axis much larger
than the effective mass in the a,b plane, the coherence length along
the ¢ axis should be much smaller than that along the a,b plane.
Upper critical field measurements by Welp et al. have found Eap tO
be larger than & by a factor of six2!. From equation (5-2), if we
assume the pinning defect to be isotropic, the anisotropic pinning

energy can be written as

H.2 5
Fp=p e n,peL  for H//c (5-3)
Hc2
and Fp=p e nEpabcL  for H//a.b.

Since & is smaller than &,, Fp for H//c should be larger than Fp
for H//a,b. Our measurements, which show the critical currents
for H//c to be much larger than for H//a,b, are in agreement with
the coherence length anisotropy and indicate that the anisotropic

vortex dimensions may be affecting the flux pinning.

Aside from the anisotropic vortex dimensions, anisotropy in

the pinning barrier dimensions also can cause pinning anisotropy.
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An anisotropic pinning barrier would arise from an anisotropic
modulation of the superconducting free energy at the defect site.
A possible anisotropic pinning defect in the YBa2Cu307-§ system is
the twin boundary. For H//c, neglecting edge effects that curve
the vortex line, the twin boundaries lie parallel to the vortices and
thus can pin them along their entire length as they traverse the
twinning plane. However, since the twin boundaries are <110>
planes, unless the field was applied 45° to the a or b axis, the
vortices will always cross the twinning planes as the vortices move
through the crystal. If the field was oriented along the a or b axes
(as in our experiment), then the pinning will be reduced due to
two factors. Firstly, since the interaction of the vortex and the
twin plane only occurs where the vortex crosses the plane, and not
along the entire length of the vortex, the total pinning energy on
the vortex will be smaller. Moreover, since the vortex is always
crossing the twin as it travels, there is no true point of favorable
energy anywhere in the path of the vortex. Thus in this
orientation the twins would not act as good pinning sites. Thus
twin planes may affect the overall characteristic of the flux
pinning and its anisotropy in the YBapCu307-5 system. Recent
magnetization measuremenis by Welp et al.120 and decoration
experiments by Dolan et al.!2! suggest that twin boundaries do
indeed pin vortices. Furthermore, transport measurements by
Kwok et al.'22, magnetic torque measurements by Gyorgy et al.}23
and magnetization measurements by Liu et al.'** have found

indications that twin boundaries pin vortices more strongly when
95



the vortices lie parallel to the twin boundaries. Thus the twin
boundaries in our sample also may be affecting the anisotropy in
the flux pinning and the magnetic critical current.

To summarize, our measurements have shown that critical
magnetization currents achievable in bulk material of the single
crystal, far exceed those of sintered polycrystalline material. The
current densities are sufficiently high for applications at low
temperatures. However, the sharp decrease in the critical
magnetization current with increasing temperature seems (o be an
inherent probleia that is common to both polycrystalline samples
and single crystals. Assuming this thermal degradation is
unavoidable, our work suggests that a low temperature critical
current of order 108 A/cm2 is needed in order to achieve a

working critical current of 100A/cm?2 at 77 K.

Enhanced critical magnetization currents through neutron

irradiation
The inductive measurements on single crystal YBapCu307.§

discussed in the previous section have given higher critical
magnetization currents than previously observed from the
polycrystals”. At higher temperatures however, the critical
magnetization current values were found to be significantly
smaller than those found at 5 K. Furthermore, the anisotropy
found in the critical magnetization currents means that possibly

there are restrictions in the orientation of the unit cell during

fabrication. Thus enhancement in jo and the reduction of the
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anisotropy in the flux pinning would greatly improve the
possibility of using YBapCu3O<7_5 for applications. To this end, the

effects of fast neutron irradiation on YBajpCu30O7.§ have been
investigated”3. Since exposing the sample to neutron irradiation
produces defects in the material, it may increase the flux pinning
energy. Also, since the spatial separation of the pinning defects
produced by the fast neutrons is roughly isotropic, investigations
of the effect of neutron irradiation on the critical current
anisotropy may be of interest.

The single crystal samples used in this experiment were
prepared by the same technique as those used for our previous
magnetization study?®. The crystals ranged in mass from 175 ug -
497 pg with typical dimensions of 0.4 mm in the a,b plane and 0.2
mm along the ¢ axis. The neutron irradiation was done at the H2
position of the Intense Pulse Neutron Source (IPNS) at Argonne
National Laboratory. Three crystals were irradiated at 30° C with
fast neutrons (E > 0.1 MeV) to fluences of 1.80 x 1017, 2.98 x 1017,
and 8.16 x 1017 n/cm2. Zero field cooled shielding measurements
were taken by a special SQUID designed to operate at low fields, to
determine T of the irradiated crystals. The field dependent
magnetization curves were taken with a commercial SHE SQUID
magnetometer at 6 K, 45 K and 77 K for fields along the ¢ axis, and
at 6 K for fields in the a,b plane. For all directions and
temperatures, magnetization measurements were taken up to

10 kG.
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Figure 5-6 shows the transition curve for the single crystals

of YBapCu307.g irradiated at fluences of 8.16 x 1017 ncm-2 and
2.98 x 1017 ncm-2. The T, of these crystals were found to be
above 91 K. The four crystals used in this study were not of equal
quality. Although their transition temperatures were all above 91
K before irradiation, their shielding curves showed varying
degrees of structure with decreasing temperature. Typically, the
shielding curve showed a sharp superconducting transition at
about 91.5 K followed by a shoulder at approximately 75 K and a
second decrease at around 60 K.

Magnetization curves for the crystal with the highest neutron
fluence are shown in Figures 5-7 for H//c and 5-8 for H//a,b. At
6 K, for the field along the c axis, the magnetization curve
continues to increase for fields up to 10 kG as shown in Figure 5-7.
At 10 kG, 71% of the applied flux is shielded from the sample. Of
the flux that has entered at 10 kG, 67% remains trapped within the
sample at zero field. In contrast, the magnetization of the
unirradiated sample reported in the previous section4 reached a
maximum at 9 kG, indicating a smaller H* and lower flux pinning.
Furthermore, the unirradiated sample shielded 65% of the applied
flux at 10 kG and retained, at zero field, 55% of the flux that
entered at 10 kG. Although higher field magnetization data are
required to assess the full extent of the improvement in the
irradiated sample, it is clear that neutron irradiation has increased
the flux pinning and raised the critical magnetization current at 6

K. At 45 K and 77 K, the magnetization for the field along the
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Figure 5-7
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Figure 5-8
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¢ axis reaches maxima at 3 kG and 1 kG respectively. Similar to
the 6 K magnetization curve, the maxima at these temperatures
occur at substantially higher fields compared to unirradiated
samples. This indicates a higher H* and stronger flux pinning at
these temperatures. In particular, at 77 K there is a significant
hysteresis in the magnetization curve. This contrasts with the
unirradiated sample whose magnetization curve at 77 K was
nearly reversible above

4 kG.

The magnetization curve for fields in the a,b plane at 6 K
showed a sharp increase for fields up to 2 kG followed by a gentle
rise up to 10 kG as shown in Figure 5-8. This behavior is
significantly different from that of the unirradiated sample where
the magnetization reached a maximum below 1 kG and decreased
by a factor of four between 1 kG and 10 kG. This difference in the
magnetization curves further confirms an increase in flux pinning
with neutron irradiation.

Since our samples have rectangular rather than circular cross
sections, for these measurements the standard Bean formula (5-1)
has been modified to accommodate the rectangular cross
section'25. This allows us to compare the critical magnetization
currents for samples of different dimensions. For a sample of
rectangular cross section 2aj x 2ap where a1 > a the
magnetization is given by

a . a2
M=320icl - 34, (5-4)
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where aj and aj are in cm. In the limit a; = a3 = R, this formula

reduces to Bean's cylindrical form of (§-1). The calculations for
obtaining equation (5-4) are shown in appendix IV.

The critical magnetization current derived from the
magnetization curves on the irradiated and the unirradiated
samples are shown in Figures 5-9 for H//c at 45 K and 77 K, and
5-10 for H//a,b at 6 K. At T = 6 K for H//c, since the magnetization
curve did not reach a maximum below 10 kG, the Bean model
could not be applied to obtain jo. However, at 45 K and 77 K, j¢ is
found to increase with neutron fluence. At 10 kG, between the

sample with the maximum irradiation and the unirradiated

sample, there is a factor of 1.6 increase in jc at 45 K and 2.4
increase at 77 K. The strong decrease in jo with temperature
observed in unirradiated samples is not as serious in the irradiated
samples. In a field of 10 kG, the unirradiated sample showed a
decrease in jo of a factor of 16 between 45 K and 77 K. In the
irradiated sample, this decrease is reduced to a factor of 11, 30%
lower than in the unirradiated sample.

For H//a,b, both the magnitude and the field dependence of
the critical magnetization currents are improved by irradiation as
shown in Figure 5-10. In the sample with maximum irradiation, at
6 K, the magnetization is still increasing with field at 10 kG,
making application of the Bean model questionable. Nevertheless,
in order to make an approximate comparison, we use the Bean
model on the slowly rising part of the magnetization curve only at

10 kG. The value of the critical magnetization current derived in
103



Figure 5-9
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Figure 5-10

Jd (10° A/cm?)

2.0

1.5

1.0

0.5

0.0

| ©8.16 x 10

©2.98 x 10/

17

7

m1.80

o unir

Hlla,b T=6K

x 1017

radiated
1

on

-

2

4

6
H (kG)

10

105



this way is therefore a lower limit. The field dependence of j¢ in

the irradiated sample is quite different from that of the
unirradiated sample where a reduction of almost a factor of 4
occurs between 1 kG and 10 kG. At 10 kG the improvement of j¢
with maximum irradiation is a factor of 5, the largest improvement
observed in our experiment. This large increase for H//a,b

compared to the smaller increase for H//c indicates that the strong

anisotropy of jc observed in unirradiated crystals is reduced by

neutron irradiation.
The enhancement of the critical magnetization current can be

expressed by the ratio of the jo for the maximum irradiated crystal
to the jo of the unirradiated crystal'26:127  which will be defined as
the dimensionless value jco*. Table 5-2 gives the enhancement

ratio jo* for the field of 10 kG along the c axis and in the basal

plane at 45 and 77 K. From Table 5-2 it can be seen that in all
cases there has been a enhancement in the critical magnetization
current. It is also found that at the higher temperature of 77 K the
critical magnetization enhancement due to irradiation is higher
than at 45 K for both the basal plane and the ¢ axis.

There is a slight decrease in superconducting transition
temperature with irradiation as shown in Figure 5-11, where T¢
has been defined as the onset of diamagnetism. The average
decrease obtained from the initial slope of a least squares fit to the
data is 2.6 K/1018 n cm-2. This is to be compared with
1.7 K/1018 n cm-2 for polycrystalline YBapCu307._§ at similar

fluences!28 and 2.1 K/1018 n cm-2 for polycrystalline
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Table 5-2

jc(Hllc), Afcm2 | jc(Hlla,b), A/cm?2
T (K) Irradiated Unirradiated Irradiated Unirradiated
Sample Sample Sample Sample
45K 1.1 x 100 6.9 x 104 15 x 108 93 x 103
77K 1.0 x 104 4.3 x 103 1.8 x 103 6.5 x 102
T (K) Enhancement Ratio
illa,b Hilc
45 K 1.6 1.6
77 K 2.8 2.4
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La1.85Sr0_15Cu04‘29. In all cases the slope was obtained from a

small number of points making precise comparisons difficult. The
percentage decrease in the transition temperature of YBapCu3O7._5
with neutron fluence is comparable but slightly less than that
typically observed in the AlS superconductors'93:130_ This
indicates that higher neutron fluences may possibly be used
without much degradation in T¢.

The structure in the shielding curves illustrated in Figure 5-6
indicates that the temperature dependence of the shielding
characteristics varies from sample to sample, especially in the
temperature range above ~45 K. Thus some of the irregularities in
the critical magnetization currents of the irradiated samples in this
temperature range mzy be related to variations in the shielding
properties among the samples.

Though more research is necessary, the data show that
neutron irradiation may be a viable method for improving the
strength of the flux pinning and raising the critical magnetization
current of YBapCu307._5. The larger increase in the critical
magnetization current at 77 K compared to 45 K makes neutron
irradiation an attractive method for increasing the critical current
for applications intended to operate ai liquid nitrogen
temperatures. The fact that the largest improvements in the
critical magnetization currents were observed for fields along the a
direction suggests that the anisotropy in the critical magnetization
currents observed in unirradiated crystals may not be intrinsic.

The systematic increase of the critical magnetization current with
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neutron fluence indicates that further significant increases can be
achieved with higher fluences without severely depressing the
transition temperature.

Recent experiments have been couducted by Sauerzopf 131
Wiesinger and Weber!32 to continue with the irradiation work that
is given in this chapter. They modified the experimental
procedures in two significant ways. Firstly, the neutron fluence
was increased to 1018 n/cm2 to investigate the effect of higher
neutron dosage on the flux pinning. Secondly, their investigations
on neutron irradiation were done using only one single crystal of
YBayCu30O7.5 so that sample dependent variables did not have to
be considered. Magnetization measurements on the sample
irradiated in fluences up to 2 X 1018 n/cm2 showed significant
increases in the magnetization hysteresis and critical currents in
temperatures up to 40 K and fields up to 80 kG. The critical
current enhancement ratio jo* at T = 40 K was found to be 15 for
H//c at 2 T and 20 for H//a,b at 6 T. Extrapolation of the H=2T
along ¢ data to 77 K leads to an enhancement ratio of ~ 75 at that
temperature. Finally, the anisotropy in jc was found to decrease
with neutron irradiation. The increase of the critical magnetization
current with neutron irradiation on the one sample indicates these
increases are independent of sample properties, and is in
agreement with our results. Neutron irradiation experiments done
on single crystal YBa2Cu307-5 by van Dover et al.133 have also
showed critical current enhancement to be 100 at 77 K for H = 0.9

T along c, in agreement with the results by Sauerzopf et al 131,132
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These measurements further display the viability of neutron

irradiation for increasing critical currents in the YBa2Cuv3Q7-§

system.
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Ch. 6 The lower critical field of
YBa2Cu307-§

Strong incentives for studying the anisotropy in the
superconductivity of YBa2Cu307.5 emerged with the indications of

strong anisotropy in the electronic structure of the high T¢
superconductorsso'59 and the recent availability of high quality
single crystals of YBazCu3O7_518'20. For a type II superconductor,
two important cheracteristics that can be investigated are the
upper and lower critical fields. As discussed in Ch. 3, by
determining these two parameters for a material, one can estimate
many of the other superconducting characteristics such as its
penetration depth, coherence length, thermodynamical critical field
and the GL parameter. Further, by investigating the anisotropy in
these parameters one can get insight into if and how the
anisotropy is affecting the superconducting properties (such as the
geometry of the vortex).

This chapter contains discussions of measurements of the
lower critical field, determined from highly detailed magnetization
measurements on single crystals of YBapCu307.5. In early sections
of this chapter the magnitude and anisotropy of Hcj at low
temperatures22 will be discussed and from these values,
magnitude of the magnetic penetration depth A will be estimated.
Further sections of this chapter will cover measurements of the

temperature dependence of the lower critical field and compare

them to other Ho1 measurements as well as direct measurements
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of A. The final sections of the chapter will cover the investigation
of the a-b anisotropy of H.{, measured on an untwinned crystal of

YBapCu3O7.5 as well as the investigations on the effects of twin

boundaries on the measurements of H¢j.

Low temperature measurements of H¢g

The isothermal magnetization curve for an ideal type Il
superconductor is shown in Figure 6-1(a). At H¢p there is a
sudden break in the diamagnetism as flux vortices enter the
superconducting material, resulting in a kink in the magnetization
curve. Thus for an ideal type II superconductor, the value of Hg
can be easily determined by the location of this kink. However for
a hard, type Il superconductor, the flux pinning sites prevent the
vortices from fully entering the sample, such that the distinctive
kink in the magnetization curve at H¢q is replaced by a gradual
deviation of the increasing diamagnetic signal from linearity, as
shown in Figure 6-1(b). Without the easily distinguishable kink
present in the magnetization curve, an accurate determination of
Hcq in a hard superconductor becomes a much more difficult task.
As was discussed in Ch. 4, the YBapCu307.§ system was found to
have strong flux pinning”, indicating that the determination of
Hc1 would be difficult for this material. One method for obtaining
Hc] is to best determine the field of first flux entry (or entry
field), where the magnetization first deviates from linearity. In
order to do so, detailed magnetization measurements can be taken

on the superconductor, to fields well beyond its linear diamagnetic
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region. A linear least squares fit can then be made to the low field,
diamagnetic portion of the data. By subtracting each
magnetization measurement from this linear fit, any deviation of
the measured magnetization curve from linearity will give a non-
zero value for the difference. Using this method a small deviation
can be observed directly, independent of the magnitude of the
magnetization curve, so that the point of first flux entry can be
determined with the highest possible resolution from the
measurement.

Single crystals of YBapCu307_g used for this experiment??
were of the same type as those described in Ch. 4.20  Substantial
twinning found in these crystals prevented the determination of

anisotropy in Hgp within the a,b plane. Thus the H¢q anisotropy

discussed in this section will only cover that between H//c and
H//a,b. The a,b anisotropy of Hcq will be discussed in later
sections of the chapter. To investigate the sample dependence in
these measurements, three types of single crystal YBapCu307.§
were selected: one as-grown, the second as-grown and annealed at
550 °C for 72 hours in pure oxygen, and the third as-grown and
irradiated with fast neutrons (E > 0.1 eV) to a fluence of

8.16 x 1017 n/cm2. Magnetization measurements were taken
using a commercial SHE SQUID magnetometer at a low temperature
of 11 K in fields up to 3 kG, on a relatively fine grid of fields with
increments of 10 G for fields in the a,b plane and 50 G for fields

along the c axis. Since the deviation curve must be observed with
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the highest possible resolution, the high sensitivity of the SQUID
makes it ideal for performing these measurements.

The magnetization curve for the field along the ¢ axis in the
as-grown crystal is shown in Figure 6-2. The magnetization curve
is found to gradually deviate from linearity, indicating strong flux
pinning in this sample. From Figure 6-2 the first deviation from
linearity observable from the magnetization curve is found to be at
approximately 1 kG. To obtain the highest sensitivity in
determining the entry field, a deviation plot of AM vs H was
constructed by subtracting the linear fit to the low field points
from the measured magnetization data. The deviation plot created
from the data in Figure 6-2 is shown in Figure 6-3. It can be seen
that the first deviation from linear behavior occurs at 425 + 50 G, a
much lower field than is evident in Figure 6-2. Indeed, at an
applied field of 1500 G, the deviation from linearity is only 10 G, a
value that is barely detectable directly from the magnetization
curve. These figures show the advantage of using the deviation
curve over the magnetization curve when determining the field of
first flux entry.

For fields in the a,b plane, a comparison of the deviation
curve for two crystals is shown in Figure 6-4. One curve
represents the magnetization of the as grown single crystal while
the other curve represents the magnetization for the annealed
crystal. From Figure 6-4, the deviation from linearity is found to
be sharper for the annealed crystal as compared to the as-grown

crystal, suggesting lower flux pinning in the annealed crystal.
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Figure 6-2
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Figure 6-3
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Figure 6-4
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However, both samples exhibit the first departure from linearity at
nearly the same field, indicating that the entry field is

independent of sample hardness.
The values of Hoq can be determined from the entry fields

obtained from the magnetization curves by correcting for
demagnetization effects. How demagnetization effects, which arise
from the sample's geometry, influence the magnetization
measurements can be understood by considering an ellipsoidal
superconductor shown in Figure 6-5. If an ellipsoidal
superconductor in the Meissner state is oriented such that the
large cross-sectional area is perpendicular to the applied field as
shown in Figure 6-5(a), then the local internal fields become much
larger than the applied field, which results in a large
demagnetization effect. If this same ellipsoid was reoriented so
that the small cross-sectional area was perpendicular to the field
as shown in Figure 6-5(b), the local internal fields become closer in
magnitude to the applied field and the demagnetization effects
become less severe. The magnetic induction for a material having
demagnetization effects i< written as

B = H + 4ntM(1-n), (6-1)
where H is the applied field, M is the magnetization and n is the
defined to be the demagnetization factor (0 < n < 1)!**. Since B =0
for a superconductor cxhibiting full diamagnetism, n can be

obtained from the initial slope of the magnetization curve by

M1 |
H = an(1-n) (6-2)
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Figure 6-5

Effect of shape on n

(a)

(b)
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Since from (6-2), it is evident that n influences the change in the
magnitude of the magnetization with the applied field, the field of

first flux entry becomes dependent upon n as well. The intrinsic

value of Hoj can be obtained from the n dependent entry field He,

by the relation
He
Hcl - (1 -n)-

(6-3)

By determining the value of n from the linear slope of the
magnetization curves using equation (6-2), Hc values can be
determined from the entry field and n using equation (6-3). The
data for the three crystals are summarized in Table 6-1, giving
weighted average values of H¢p of 120 + 14 G for fields in the a,b
plane and 690 + 90 G for fields along the c axis. This gives an
anisotropy in Hg1 of approximately 5.

From the anisotropic GL theory, discussed in Ch. 3, the
anisotropy in the lower critical field should be comparable to the
anisotropy in the upper critical field, since they both are related to
the effective mass by the equations in (3-82). Temperature

dependent magnetization measurements on single crystals of
YBajyCu307.5 by Welp et al.2! have shown H¢2 to be anisotropic

dH
with the temperature dependent slopes ne~r T¢ —a';—z Te = -19

dH
kG/K for H//c and _d_ic‘_2 Te = -105 kG/K for H//a,b. From these

slopes, low temperature extrapolations of the Hgp curves were

estimated by Welp et al. to be 6470 kG for H//a,b and 1220 kG for

Hi/c®'. These Hcp values indicate the anisotropy in the upper
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Table 6-1

He (G) n H¢i (G)
flab £ 10 lic £ 50 lab £ 14  lic £90

As-Grown 95 425 31 (lla,b) 137 772
Sample 45 (lic)

Annealed 85 375 31 (lla,b) 108 707
Sample A7 (lic)

Irradiated 90 325 27 (lla,b) 123 601
Sample 46 (llc)

weighted 90 375 ~120 ~690
average
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critical field to be approximately 5, in rough agreement with the
H¢p anisotropy.
From Ch. 3, equations (3-52) and (3-66) can be conveniently

combined into a single equation for x,
Hc] Inx

Hc ™ 2x2 (6-4)

where x for a uniaxial superconductor takes the two values given
by equation (3-78) for the two field orientations. Using H¢gp values
from Welp et al. and the measured values for H¢1, x values from
equation (6-4) are found to be k20=400 and x© = 60. It was

1
mentioned in Ch. 3 that the value of x = _‘E ~ 0.71 separated the

magnetic characteristics of a superconductor into type I and
type II. The extremely large k values found in YBapCu307.§

indicate the superconductivity to be extremely type II in nature.
The thermodynamical critical field Hg, calculated from equation
(3-66) using the estimates of k, were found to be approximately
11 kG to 14 kG.

The magnetic penetration depth can be estimated from the
values of Hcp using the anisotropic equations in (3-81). From the
values of H.1 and the estimates of «, the penetration depth was
found to be anisotropic having the values of 8200 A or 970A.
Measurements by muon spin rotation3>136 (uSR) give values of A
as ~1400 A for fields in the a,b plane and 5000-8000 A for fields
along c, in rough agreement with the result obtained from the Hg)
values. As stated in Ch. 3 the geometry of the anisotropic

penetration depths is somewhat complicated. There are different
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penetration depths defined for the field along the c axis and in the
a,b plane because the supercurrent direction responsible for
shielding the field is different. The geometry of the various field
directions, current directions and field penetrations are illustrated
in Figure 6-6. For fields in ‘he c direction, the penetration in the

b direction is determined by the shielding currents flowing in the a
direction, while for fields along the b direction the penetration in
the ¢ direction is also determined by the currents flowing in the a
direction. Since both penetration depths are influenced by the
currents flowing in the a direction, the two penetration depths

should have equal characteristics so that

c b,a
;”a,b=;‘c . (6-5)

However, for fields along the b direction the penetration depth
along the a direction is determined by the currents flowing in the
¢ direction. The anisotropic currents that flow along the c¢ axis

make this penetration depth anisotropic so that
c b,a

la,b # }‘a,b' (6-6)

Thus when the field is along the a,b plane it is the penetration
depth in the a,b plane that is anisotropic and not the penetration
depth along the ¢ direction. The penetration depths influenced by
the smaller equilibrium shielding currents along the ¢ direction

(which will be denoted as j.) have the larger value of 8200 A while

the penefration depths influenced by the larger equilibrium
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Figure 6-6
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shielding currents along a,b (which will be denoted as j,,) have

the smaller value of 970 A. The equilibrium supercurrent density

flowing at Hcp can be roughly estimated from Maxwell's equation

Hel dH _4n

by taking the approximation X " dx "¢ ¥ The results in

Table 6-2 show a large anisotropy of as much as a factor of 50,
demonstrating that even perfect samples with no pinning sites
would contain "hard" and "easy" axes for supercurrent flow. The
intrinsic anisotropy in maximum supercurrent flow is qualitatively
consistent with the effective mass anisotropy inferred from the
critical fields.

In summary, the lower critical field of YBapCu307.5 at low
temperatures was found to be anisotropic, with the anisotropy
being roughly consistent with those from the upper critical field
within the anisotropic GL theory. The estimated magnetic
penetration depth had the anisotropic values of 970 A when
influenced by j,p and 8200 A when influenced by j.. These values
are in agreement with the anisotropy found from direct
measurements of A from muon spin rotation!33:136,  These large
penetration depths may lead to sample size limitations of the
shielding and Meissner effects in thin film and polycrystalline
samples. Also due to the extremely large values of x found in this
material, the normal cores of the vortices are often assumed to
occupy only a small volume fraction of the magnetic fields and
screening currents, and thus will not be significant when

performing calculations. Recently Hao and Clem'37 have raised
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Table 6-2

Hllc Hll ab
Hcj 690 +90 G 120 £ 14 G
H¢o 1220 kG 6470 kG
Sa.b 16 A
éc 3 A
K 60 400
Ab,a 970 A 8200 A
Ac 970 A
Jel.boa 6 x 107 A/cm2 1 x 107 A/cm?2
Jel,c 1 x i06 Alcm?2
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questions regarding such assumptions since the extremely large A
values which suggests small screening currents may result in a
small energy contribution of similar magnitude to that from the
normal core. Finally, the anisotropic values found for § and A
indicate that a single vortex in this material is ellipsoidal in shape.
Such anisotropy in the characteristic lengths and the equilibrium
shielding currents may result in unusual effects to be observed in

the magnetic behavior of this superconducting material.

Temperature dependence of flux entry and H¢i

To further investigate the characteristics of the lower critical

fields in the YBapCu3O7_g sysiem, the experiment discussed in the
previous section can be extended to determine the Hcj values at
higher temperatures”s. Such an experiment is useful since the
measurements can then be compared to the temperature
dependence of Hi for traditional superconductivity, to see if there
is any unusual behavior arising from the anisotropic electronic
structure.

The crystals available for this experiment had much
improved sample quality compared to the those used in the
previous experiments. The crystals were larger and were platelike
in shape. Typical dimensions of these new samples were
approximately 1 to 3 mm along the side and approximately
0.5 mm thick, where the ¢ axis was found to be along the 0.5 mm
dimension. The crystal used for this experiment had closely

spaced <110> type twin boundaries. Figure 6-7 is a zero field
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cooled shielding curve for one of the samples measured in a field
of 1 G along the c axis. The superconducting transition is found to
be sharp with T¢ > 92 K and a transition width < 1 K. The
transitions found in these new samples are slightly higher and
much sharper than those observed in the previous samples,
indicating the better quality of these new samples. Their
improved quality and larger size made them the logical choice for

performing the temperature dependent Hgj measurements.

The platelike shape of the crystal proved useful when
measuring H¢q for fields in the a,b plane. The new samples are
very thin along the c axis making demagnetization effects in these
samples much smaller compared to the previous samples for
H//a,b. However when the field is oriented along the c axis, the
determination of H;i becomes extremely sensitive to the severe
demagnetization fictors that arise from the platelike nature of the
crystals. With such strong demagnetization effects arising for this
field orientation, any errors in the demagnetization factors (such as
from the sample corners) may severely influence the
determination of H¢1. Further, it has been suggested that the large
demagnetization effects may cause unusual field distributions to

occur in the sample, such as the local fields being directed in the

139

a,b plane even when the applied field is along the c axis Due to

the severe demagnetization effects occurring for H//c, the
measurements involved in this experiment have been performed

only for fields in the a,b piane, where demagnetization factors are

small (n ~ 0.1).
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The magnetization measurements were taken using a
commercial Quantum Design SQUID magnetometer in fields up to
400 G, for temperatures ranging from 6 tc 85 K in 5 K steps.
Detailed magnetization measurements were taken on a fine grid of
1 to 5 G for low fields and 10 to 50 G, once the curvature in the
magnetization became evident. A deviation plot of AM vs H was
again constructed from the measured magnetization curves by
subtracting a linear fit to the low field magnetization data. The
entry field was chosen as the first applied field where an

observable trend in the deviation of the magnetization from

linearity occurred.
The magnetization curve of the single crystal of YBapCu307.5

for H//ab is shown in Figure 6-8 at 10, 45 and 80 K. The
magnetization curves were found to gradually deviate from
linearity at all temperatures due to flux pinning present in the
sample. At low temperatures this deviation from linearity is slight
and difficult to observe. As the temperature is increased, the
deviations become sharper and more evident as the pinning
energy decreases and thermal energy increases. Figure 6-8 also
shows that the magnitude of the entry field is found to decrease
with increasing temperature.

The linear region of the magnetization curves, shown in
Figure 6-8, is found to superimpose on one another illustrating the
relative stability of the slope and the demagnetization factor with
changing temperature. The demagnetization factor, which only

depends upon the geometry of the sample, is temperature
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independent as expected. The variation with temperature in the
slope of the linear part of the magnetization curves was less than
0.5 % at low temperatures (T < 70 K). At higher temperatures, the
error in the slope increased due to the decreasing number of
points in the linear portion of the magnetization curve that could
be used to obtain a least squares fit. However even for these
temperatures, the slope varied by less than 2% from the low
temperature value. Demagnetization constants were obtained
experimentally from the slope of the magnetization curve using
equation (6-2). Using the calculated slope of the magnetization
curves, the demagnetization factor for the sample was found to be
approximately 0.1. This value is in agreement with the calculated
values of n ~ 0.09 obtained from ellipsoid approximations”o.
Figure 6-9 shows the deviation curves from Figure 6-8, after
the linear fit extrapolation of the low field data was subtracted
from them. The number of points used to obtain the fit was
determined by gradually increasing the number of points in the fit
until the standard deviation in the fit started to rise dramatically.
This occurred in the field range where the magnetization deviates
from linearity. Approximately 60 to 70 % of this maximum
number of points were used for the linear fit in order to keep the
deviation in M from affecting the linear fit. Neither the fit to the
linear region nor the value of He were found to be very sensitive
to the number of points chosen to fit the linear region. For
example at 10 K, a fit with the points up to 70 G or 170 G resulted

in only a 25% change in the standard deviation of the linear fit,
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Figure 6-9
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less than 0.5 % change in the slope AM/AH and no observable
change in the estimated value of He. Figure 6-9 reveals that He
actually occurs at much lower fields than those inferred directly
from the magnetization curve in Figure 6-8. Beyond the entry
field AM falls much more sharply with increasing temperature,
again indicating weaker flux pinning at higher temperatures.
The values of Hcq at several temperatures, calculated from
the entry fields using equation (6-3) are shown in Figure 6-10.

Error bars are given to represent the error in determining the

entry field He from Figure 6-9. At higher temperatures, the error

in determining He decreases, because the decreased pinning

strength allows the flux to enter the sample more easily, and AM

shows a more rapid downturn at He. From GL theory, equations

(3-36) and (3-65) together state that the temperature dependence
of Hcy should be linear near To. Near T¢, the temperature
dependence of Hcj from this experiment is found to be linear, in
agreement with the GL theory, with a slope of -2.4 G/K. Lower
critical fields obtained from M vs T measurements by Krusin
Elbaum et al.3 found similar linearity in H¢1(T) for T > 40 K with a
temperature dependent slope of ~3 G/K for H//a,b. At lower

temperatures where GL equations are no longer valid, the expected

behavior of Hgq1 can be determined from equation (3-65) and the

empirical temperature dependence of A, which approximately has

1
MT):A(O)[l ; (Tlcﬂz (6-7)
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If x is assumed to be temperature independent, the temperature

dependence of H¢ can then be written as
T
Hcl(T)=Hcl(0)[1 - (};ﬂ (6-8)

The fit of this form to the measured value of H¢p at T = 65 K for
H//ab is shown by the solid line in Figure 6-10. At high
temperatures, the fit to the data is quite good but below 40 K there
is a definite departure of the data from conventional behavior.
The measured values of Hcq for H//ab at low temperatures do not
saturate but instead increase steadily with decreasing

temperature.
Such linear behavior in the temperature dependence of Hg1

has been observed through other measurements23:141, such as

those from M vs T measurements by Krusin Elbaum et al.23 for

T > 40 K, as shown in Figure 6-11 (a), to obtain H¢1(T). However,
several other measurements of H.i have shown anomalous

behavior in the H;] temperature dependence at intermediate

1
temperatures between 0 K and T¢ (usually near :’Z-TC)’

Measurements which found such anomalous behavior, such as
those by Strobel et al.142 shown in Figure 6-11(b), were found to
fit well to two saturating curves!'42-145.  Finally, temperature
dependent H;] measurements by Sridar et al.1%6 using RF
penetration have found saturation at low temperatures, similar to
the behavior expected from a traditional superconductor. Yet,
their value for He1 at low temperatures was found to be similar in
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Figure 6-11
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magnitude to many of the other measurements that found unusual
temperature dependent behavior in their values of H¢cy. The
temperature dependence of Hgp resulting from the different types
of measurements has been listed in Table 6-3. Table 6-3

illustrates the degree of disagreement that is present regarding the
temperature dependence of Hgp at present.

Using equation (3-65), and assuming x to be temperature
independent, an anomalous temperature dependence of H¢j can be
directly related to an anomalous temperature dependence of A.
Experiments that have been performed to observe the magnetic
penetration depth directly in YBazCu307.5, such as pSR135:136,

RF penctration146 and zero field cooled magnetization
measurements'4’ have shown the temperature dependence of A to
follow basically the behavior of traditional superconductivity.
Figure 6-12, in which the temperature dependence of A obtained

from pSR measurements by Piimpin et al.!3¢is plotted, shows that

. . . .
it follows the expected empirical form, with 22 saturating at low

temperatures. Thus the standard temperature dependence of A
conflicts with the anomalous temperature dependence found in
many H;i measurements, including the present one. The
confliciing behavior observed in different the Hc] measurements,
as well as between Hgq and A measurements suggests that further
research is necessary to establish the true behavior and to

understand the reasons for the discrepancies.
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Table 6-3
H¢p in YBapCu3zO7.s:

— — — — — — —— ——— ————— — Sh—— — — ——— — — —— — — —— — — —— S—— P— ——A— —

Measurement Hc1¢(G) He12b(G) T dep

MyvsH:

Strobel et al.!3? 1190 220 double
curve

Adrian et al.'4! 2500 600 double
curve

Kartsovnik et al.!38 >1400 200 linear

MyvsT:

Krusin-Elbaum et al.23 550 200 linear
to 40K

RF penetration:

Sridar et al.l43 - - 220 saturation at

lowT
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FIGURE 6-12
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According to Pumpin et al. [Ref 134], the
field distribution in a superconductor is
given as

«AB2> = 20 2/yu2
where 7, is the gyromagnetic ratio of the muon.
The magnetic penetration depth is related to
this field distribution by

A4 - 0.0371032/4B2
where 4, is the flux quantum. Thus the
temperature dependence of 6 can be related
to the temperature dependence of 1/2 .
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The a-b anisotropy and twin boundary effects on the
measurements of H¢

As discussed in Ch. 2, the selective occupation of the Ol
oxygen sites in the unit cell of YBapCu3O7_§ gives rise to two
characteristics unique to this material, namely the existence of CuO
chains along the b axis, and the formation of <110> type mirror
twin boundaries. The existence of the CuO chains raises questions
with regard to their effects on the normal and superconducting
properties of the YBapCu3O7_§ system. Band structure
calculations®! indicate that conductivity comes from both the
unique CuO chains, as well as the CuOp planes more commonly
found in the high T, superconductors. Transport and magnetic
measurements on oxygen deficient samples of YBapCu307.5'%%14%,
found T, to decrease with decreasing oxygen content in the Ol site,
indicating that the CuO chains influenced the superconductivity of
the YBapCu3O7_g material. However, due to the existence of

24‘34'37, where the

domains separated by <110> twin boundaries
a and b axes interchanged between the domains, measurements
could not be taken uniquely along the a and b axes. Thus
experiments performed to investigate directly the effects from the
CuO chains have been extremely rare. Recently however, single
crystals consisting of a single domain and no twin boundaries have
become available through certain post-growth annealing
procedures38. Transport measurements on these untwinned

crystals have found the normal state conductivity along the b axis

(or CuO chains) to be lower than along the a axis, indicating
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metallic behavior from the CuO planeslsmsz. Such crystals were
ideal for investigating the nature of the contribution of the CuO
chain to the superconductivity in the YBapCu3O7_§ system.

In this section measurements of the temperature
dependence of the entry field and lower critical field in untwinned
single crystals of YBapCu3O7_5 are presentedlso. This section will
cover results regarding the a-b anisotropy in the lower critical
field and compare them to results from other investigations on the
effect of CuO chains on superconductivity. The temperature
dependence of H¢qp for the untwinned crystal will be compared
with that of the twinned crystal to observe if there are any effects
from the twin boundaries on the measurements of Hcj. Finally
measurements of Hgp taken on a crystal that has twins along only
one of the <110> directions will be discussed.

The measurements in this section involve three single
crystals of YBapCu307._5, each having different twin characteristics.
All the samples were platelike with the ¢ axis normal to the plate
and with dimensions approximately 1.0 - 3.0 mm in the plane of
the plate and approximately 0.5 mm thick. The H¢1(T)
measurement of one of the crystals, which had twin boundaries
running along both <110> type directions (designated hereafter as
the dual boundary sample) was discussed in the previous section.
Another crystal had twins running along only one of the <110>
directions (designated as the single boundary sample). The
difference in the twin boundary arrangement between the dual

and single boundary samples is shown schematically in
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Figure 6-13. The third crystal had the twins mechanically
removed through the special annealing process38. All the crystals
were of high quality with T¢ 292 K and had sharp resistive aad
inductive transitions.

The untwinned crystal was obtained through a post-growth
annealing process developed by U. Welp38. The basis for this
annealing process comes from that fact that the b axis, in
YBayCu307.s, is slightly longer than the a axis due to oxygens
present at the O1 site. If a force is applied along one of the
crystallographic axes in the ab plane, it becomes more favorable
for the chains to be oriented perpendicular to that force, as shown
in Figure 6-!.. Thus th. rwins were found to be mechanically
removable by annealing the sample atove 290° C with pressure
applied along one of the crystallographic directions in the a,b
plane, such that the Ol sites all occupied the axis perpendicular to
the applied force. After the detwinmng procedure, these samples
were found to be twin free as determined by both X-ray
diffraction and polarized light microscopy38.

Detailed magnetization measurements were taken using a
Quantum Design SQUID magnetometer for fields in the a,b plane, at
temperatures from 5 to 85 K in 5 K steps. At each temperature,
after zero field cooling, the magnetization was sampled at 1 to 5G
intervals at low fields and 10 to 100 G intervals once the curvature
in the magnetization became evident. Magnetic deviation curves
were again found from the magnetization curves in order to

observe the entry field with the maximum possible resolution. To
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Figure 6-14
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observe how misalignment affected the value of the
demagnetization factor, a sample was purposely tilted so that the
field was 5° off the a,b plane. The magnetization was measured at
low fields for this tilted sample and compared to the magnetization
measurements made when the sample was not tilted. For both 40
and 70 K, the magnetization when the sample was tilted 5° was
found to significantly increase compared to the case when it was
aligned, as shown in Figure 6-15. The demagnetization factor for
the tilted measurements gave a value of n = 0.35, at both
temperatures, as compared to the low values of n = 0.08 for the
aligned measurements. Thus for these platelike samples, the
results indicate a very sensitive demagnetization factor to field
misalignment off the a,b plane.

Magnetization curves for the untwinned sample at 10 K, 45
K and 80 K are shown in Figure 6-16 (a). The initial linear portions
of the three curves again superimpose upon one another,
confirming the expected temperature independence of the
Meissner slope and the demagnetization factor. The
demagnetizatior factor, n, calculated from the slope of the
Meissner region of the magnetization curves for the three crystals
ranged from 0.06 to 0.15 depending on crystal shape and field
orientation. Corresponding values of n obtained from ellipsoidal
approximations140 ranged from 0.05 to 0.2, in good agreement
with those measured from the siope. The low values of n, and
their agreement with estimates based on ellipsoidal

apprc..imations, indicate that the samples were aligned with the
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Figure 6-15
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Figure 6-16
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field in the a,b plane, and that the effect of sample shape on the
measurements of the magnetization and flux entry is minimal.
Figure 6-16 (b) shows the deviation curves corresponding to the
magnetization curves in Figure 6-16 (a). The field of first flux
entry is chosen as the field where the magnetizaticn first deviates
from linearity, resulting in a nonzero value of the difference
(AM # 0). Figure 6-16 (b) shows sharper deviations from linearity
with increasing temperature, reflecting decreased pinning
strength.

The temperature dependence of Hgi for the dual boundary
and untwinned samples is shown in Figure 6-17. Figure 6-17
shows measurements of H;j for H//a, H//b and one angle
approximately 45° between a and b (H45ab) for the untwinned
crystal. At all temperatures for all three field orientations, H¢j is
found to be lower for the untwinned crystal than for the dual
boundary crystal. Furthermore, all three field orientations in the
untwinned sample are found to have a similar temperature
dependence of Hcp. This similarity of Hcq with different field
orientation indicates that there is no significant a-b anisotropy in

the lower critical field. Upper critical field measurements by Welp

et al. 3%, taken on an untwinned sample of YBapCu307.5 found
similar temperature dependent slopes of H¢p near T¢ for H//a and
H//b, in agreement with the H.p results. This lack of anisotropy in

both Hcoq and .7 indicates that there is no significant a-b

anisotropy in the superconductivity coming from the CuO chains.
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Figure 6-17
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Further evidence comes from infra-red measurements by
Schlesinger et al.13% who have found similar values for the energy

gap along the a and b axis. Also, critical field measurements on
oxygen deficient YBapCu307_5 samples by Vandervoort et al.'>*

have found that although T. decreases with oxygen depletion in

the CuO chains, no significant change in the anisotropy of either
Hgoab Hep2b
He® * Her®

was found as compared to the fully oxygenated

crystals. This indicates that the effective mass anisotropy does not
change in spite of the severe depopulation of the oxygens in the
chains and suggests that the chains play no role in the
superconducting properties beyond affecting Tc¢ by providing
charge carriers to the CuO planes. This viewpoint is consistent
with the absence of Hc1 anisotropy observed in the a,b plane due
to the chains. Decoration experiments by Dolan et al.!>> found
slight differences in the vortex spacing along the a and b axis
observed from their decoration pattern. It is not certain whether
the anisotropy observed in their pattern reflects a characteristic of
the superconductivity or the orthorhombicity of the crystal
structure. They inferred that if there is an a-b anisotropy in the
material, their results give a mass anisotropy of 1.3:1. The
corresponding anisotrcpy for Hgq would be 1.14:1, a value which
falls within the resolution of the data. Thus all these
measurements agree that anisotropic superconductivity due to the

CuO chains, if it exists, is small.
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For the untwinned sample the magnitude of H.1 is found to

saturate at low temperatures as shown in Figure 6-17.

Figure 6-18 shows the temperature dependence of the average
value of Hgy for all three field orientations. The temperature
dependence of Hc1(T) is found to be well described by a

(1-(T /Tc)z) dependence as shown by the figure. This (1-(T/T¢)2)
)4

temperature dependence is similar to the (1-(T/T¢)") temperature

dependence often used to fit pSR13%136, RF penetration depth'*®
and low field magnetization data'¥’. Thus the temperature
dependence of Hci for the untwinned sample is qualitatively in
good agreement with direct measurements of A. Quantitatively,
assuming that x~100 and taking the low temperature value of
H.1(0)=70 G, an estimate of 22~10-9 cm2 is derived using equation
(3-81). Estimates of the penetration depths for fields in the

a,b plane and along the ¢ axis!33:136.146.147 are approximately
1300-1400 A and 5000-8000 A respectively, giving a product of
approximately 10-9 cm2, in reasonable agreement with the
estimate of A2 from H¢1.

The saturating behavior of Hcj at low temperatures is
different from the steadily increasing behavior found for the dual
boundary sample, shown in Figure 6-17. Whereas the untwinned
sample gave qualitative and quantitative agreement with A
measurements, the dual boundary sample gave much more
unusual results. The differences in the two crystals indicated that

there may be some sample dependent feature that may be

affecting the measurements of Hcp. Recently, the existence of twin
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Figure 6-18
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boundaries in YBapCu307._g has been found to have several

interesting effects on superconducting properties. Magnetization
measurements have shown a difference foi the magnetic field
parallel and perpendicular to the twin plane3156. Transport
measurements'22, magnetic torque measurements'23 and magnetic
relaxation measurements!?* have found significant flux pinning by
the twin boundaries for H parallel to the twin planes. Theoretical
and experimental papers have discussed the effect of twin planes
on the upper critical field!>7-1%%. Thus one possibility for the
difference observed in the Hgq measurements for the two crystals

may be effects arising from the existence of twins in the dual

boundary sample.
To observe the dependence of Hcp on twin boundary

orientation, magnetization measurements were done on the single
boundary sample with fields parallel, perpendicular, and 45° from
the twin planeslso. The results of these measurements are shown
on Figure 6-19. As shown in Figure 6-19, when the field is parallel
to the twin planes, Hc1 agrees with the untwinnec sample.
However when the field is perpendicular or at an angle 45° to the
twin planes, Hcp increases to near that of the dual boundary
sample. If the twin boundaries are regions of easy flux entry, the
magnetic flux would enter the sample through the twins before it
enters the bulk, thus decreasing the entry field. Such an effect
would occur most readily for H in the twin planes. The similarity

of Hgq for H parallel to the twin planes and for the untwinned

crystal indicates that twin planes are not planes of easy flux entry.
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This conclusion agrees with earlier measurements of pinning in
twinned and untwinned samples by Welp et al'2o,

Now whether or not flux pinning by twin boundaries can
explain the enhanced entry fields in the dual boundary sample will
be considered. Increased flux pinning due to the twin boundaries
would not only increase the apparent entry field but would also
broaden the deviation curve for H beyond the entry field, shown
by Figure 3-4. Figure 6-20 compares the behavior of the deviation
curve AM, for fields parallel, perpendicular and 45° to the twin
boundaries for 30 K and 70 K in the single boundary sample.

While the entry field for H parallel to the twins is iuwer than for H
perpendicular and 45° to the twins, the relative shape of the
curves is similar for all three field orientations. In fact, if the
deviation curves for H parallel to the twins for 30 K and 70 K are
shifted up in field by 60 G and 20 G respectively, they fit the
deviation curves for the other field orientations quite well. This
indicates that the difference observed in the entry fields is not
caused from a significant difference in flux pinning at low fields.
At high fields, Kwok et al.'?2, Gyorgy et al.!23 and Liu et al.!24
found pinning to be strongest for H parallel rather than
perpendicular to the twins. If this behavior held at low fields as
well, pinning would increase the value of the entry field for H
parallel to the twin boundaries, exactly opposite to the effect
observed from the H;q1 measurements. Thus the enhanced values

of the entry field for H perpendicular to or 45° from the twin

boundaries are not consistent with expected pinning behavior.
158



Figure 6-20
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The increase in H.j is interpreted as an increase in the
creation energy of an isolated vortex when it crosses a twin plane.
Wher the field is parallel to the twin boundaries, the vortex can
avoid the twins by lying between adjacen' boundaries. For the
intersecting geometry the energy incre would depend on i
volume of the vortex-twin boundary crsection. This feature
leads to the approximate equality of H¢) for the perpendicular ang
45° orientation of 'he field 1n the single boundary sample by the
following argumeni. The volume of the twin boundary-vortex
intersection depends on the density of twin boundaries
encountered along the vortex iine and on ihie intersection area of
the vortex with each twin beundary. A graphical representation of
a vortex intersecting the twin boundaries is given by ligure 6-21.
At an arbitrary angle 0, the density of twin boundaries along the
vortex is cosB/L, where L is the perpendicular distance beiween
twin boundaries. The intersection area is ml2jcos®, where 1 is the
characteristic length describing the size of the vortex, either § or A,
depending on whether the extra energy is contained in the core or
in the circulating vortex currents and the associated magnetic field.
The product of these two factors is independent of angle, so long as
the vortex is not parallel or nearly parallel to the twin boundaries.
One consequence of this interpretation is an observable
dependence of H;i on the densitw of twin boundaries. As no
method has yet been found of controlling the twin boundary

density in single crystals, this prediction has not been testzd.
The dependence of I on the prescnce of twin boundaries
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Figure 6-21
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suggests one reason for the large discrepancies 2mong H }
measureMents, rangifg from approximately 100 0 600 G at T=0 K
for H/7ab?3:141-1%6 o agdition, the saturation of H,1 at low
temperatures in the untWinned cCrystal removes an obvious
qualltative discrepanCy in he behavior of the penetration depth
measured by p.sr135'135, RF pcnetrationl46, the temperature
dependence of M in low fields'’, and the entty field from
isothermal magnetization!42°145.  The present Measurements of
H.| for the untwipNed crystal are qualitatively and quantitatively
in réasonable agreemMent with the direct measuréments of the
penefration depth. Furthermore, the nresent Mmeasurements of He 1
in the untwinned crystal are qualitatively similaf to those recently
reported for YpBagCugOyg, an orthorhcmbic Cofpound without
twins!®l. Martinez €t al. found that H.; measured from the entry
field saturated at low ‘~mperature according t0 2 (1-(T/T;)2)
depefMdznce, showed No a-b anisotropy and attdiped a value of 44
G at low temperature- The similarity of these fedtures to those of
untwitned YBajCu307.5 crystals suggests that the

superConducting properties for fields in the s-D Slane are similar
for these two closely related structures,

In symmary, dettailed magnetization measvrements Show
that there is an increase in Hci in twinned samples over
untwifned samples at all temperatures. In the untwinned crystals
no a-b apisotropy is found in Hcq1- Hcyp is incréased in twinned
sampl€s only when the vorex intersects the twin boundary. The

simjlgTity in the deviftion cyrves beyond the eftyy field for all
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three field orientations in the single boundary sample suggests
that this enhancement is not due to flux pinning. Finally, the
tendency to saturation of H¢i at low temperatures removes
important qualitative and quantitative discrepancies of this
measurement with other estimates of A.

A recent experiment has been conducted by Welp et al.'®? to
determine upper and lower critical fields from high field,
temperature dependent magnetization measurements near T¢ on
fully oxygenated and oxygen deficient samples using a method
suggested by Hao and Clem!37. These measurements had two
advantages over other low field measurements of Hcp. Firstly
since their measurements were done at high temperatures and in
fields whete magnetization is reversible, these measurements are
not influenced by flux pinning effects. Furthermore, since these

measurements are close to T, the field has almost fully penetrated
the sample such that demagnetization effects are minimal. The
temperature dependent slope of H¢i near T¢ in a twinned, fully
oxygenated sample was found to be -2.7 G/K, in agreement with

the -2.4 G/K found in the slope of the dual boundary crystal.

Furthermore the temperature dependence of Hgp for the oxygen
deficient sample was found to fit a (1-(T/T:)2) dependence similar
to that found for the untwinned sample. Measurements of H¢jp on
20 untwinned sample using this method to look for a-b anisotropy
and twin effects huve not yet been done. However the initial
results show good agreement between the two types of

measurement.
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Ch. 7 Summary and Conclusion

The research discussed in the preceding chapters has given

insight regarding the nature of the superconductivity and its
anisotropy in the high T, superconductor ' 3a2Cu307.5. Both the
intrinsic parameters, such as the upper and lower critical fields
and non-intrinsic parameters such as flux pinning and critical
magnetization currents have been observed to be anisotropic. The
anisotropy of these parameters reflects the anisotropy of the
electronic structure from the CuOj layers.

The critical magnetization currents within a single crystal of
YBayCu307._§ have been found to be much higher than those
observed for polycrystalline samples. These higher critical current
values have increased the possibility of using this material for
application purposes. Also the measurements have illustrated the
importance of improving the connectivity of the grain boundaries
in the polycrystalline materials in order to increase their critical
currents. The critical magnetization carrents were found to be
anisotropic indicatin;. anisotropy in the flux pinning energies. The
anisotropy in the flux pinning may come fiom the anisotropic
vortex geometry or anisotropic flux pinning sites (such as the twin
boundaries). Finally, fast neutron irradiation on the single crystals
had been shown to further improve the critical currents suggesting

this method to be one possibility for increasing the critical current

capabilities of this material.
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The investigations of the intrinsic superconducting properties
have shown both upper and lower critical field to be anisotropic.

The anisotropy in H¢i and Hgp are well described by the

anisotropic GL theory and reflect the crystal structure anisotropy
from the CuOj planes. The large GL parameter estimated from
these measurements indicate this material to be an extreme type
Il superconductor. The strong anisotropy shown in the
characteristic lengths indicate a complex geometry of the vortex
strycture compared to isotropic superconductors. Also, the strong
anisotropy observed in the magnetic penetration depth indicates
the existence of hard and easy axes for supercurrent flow.

The availability of untwinned single crystals of YBapCu3O7_5

made it possible to investigate both the a-b anisotropy and the
twin boundary effect on the measurements of Hc1. Magnetization
measurements on the untwinned sample showed that neither the

magnitude nor the temperature dependence of H¢y sigaificantly

differed for H//a, H//b and H45a,b. The similarity in the
measurements of Hcp for three field crientations suggests that the
CuQ chains along the b direction are not contributing to the
anisotropy in the superconductivity.

The temperature dependence of Hgi for the untwinned
sample shows saturation at low temperatures, in basic agreement
with penetration depth measureiments. Quantitatively, the

magnitude of A2 estimated from these Hc] measurements agrees

with those found from penetration depth measurements. The

qualitative and quantitative agreement between the Hc
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measurement for the untwinned sample and penetration depth
measurcraents resolves the discrepancy previcusly found between
the two types of measurements. Finally, the difference in the
measured value of H¢cp for the twinned and untwinned sample

reveals the possibility of twin boundary effects on the lower

critical field.
Measurements taken on the single domain crystal have

shown the twin boundaries to increase the measured value of Hci.
The increase in Hci was observed to occur when the vortices
intersected the twin boundaries but not for vortices parallel to the
twin boundaries. The similarity in the deviation curve beyond the
entry field for H//twins, H perpendicular to the twins and H 45° to
the twins indicate that flux pinning is not the cause of this
increase. One possibility for this difference is an increase in the
vortex nucleation energy due to the presence and orientation of
twins.

The results obtained in this research suggest possible future

experiments to be performed. The study of twin boundary effects

in Hc1 measurements can be extended by investigating the
dependence of Hci on the twin density. Such an experiment
requires precise control of the twin boundary spacing within the
single crystals, which may be possible with precise annealing
procedures. Another experiment, whicii can be done with the
present available samples, is to investigate the a-b anisutropy of A
for an untwinned sample, using low field temperature dependent

magnetic shieiding rieasurements. The anisotropy of the critical
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magnetization currents can be further investigated by applying the

anisotropic Bean Model extensions given by Gyorgy et al.'%3 and
Sauerzopf et al.!3!, to magnetization measurements on samples
having different dimensions. The final obvious proposal is the
research towards obtaining larger, higher quality samples for

characterization.
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Appendix 1|
In 1950 F. London suggested that the trapped flux inside a

superconducting ring is quantized. This assumption led to the
eventual prediction of magnetic vortices in type II

superconductors.! Assuming that the order parameter is complex

so that
w:l\yle(i‘b), (Al1-1)
then the second GL equation (3-30) can be written
4e2
j= (%&)WIZVq; -"T%IwIZA. (A1-2)

Taking a line integral around a closed loop I' surrounding the
superconducting ring, one can get the flux passing through the

loop.
fa-di = JcurlAdo = [hdo = (A1-3)
r z z

Isolating A in (Al-2) and combining it with (A1-3) gives
ch mc ) j
®= J(ze)-dl : J(462}‘;‘§-dl. (A1-4)
r r

Since the order parameter modulus must be single valued (the
phase varies by 2nn) when making a complete turn around T,
(A1-4) can be rewritten as

_ Mhch  mc j
P = Ge ) - 102 J(lez}dl. (A1-5)
r

® is defined as a fluxoid. The first term in (A1-5) gives the flux

that has entered the ring while the second term represents any
current that is flowing along the path integral. Choosing I' such
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that j=0, the last term of (A1-5) goes to zero and the flux within

this ring can be written as,
_ch_
= n2e =

where @, is the flux quantum, &, = 2 x 10-7 G ecm2. Thus the flux

P nd, (A1-6)

inside a superconducting ring is quantized in intergral numbers of

@,

1 A. A. Abrikosov, Pisma Zh. Eksp. Teor. Fiz. 32, 1442 (1957) {JETP Lcu.
5, 1147 (1957)]
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Appendix Il
The form of Equation (3-110) is derived from Maxwell

equation (3-16), assuming a linear internal field gradient having
the slope H*/R. The form of equation (3-16) is written for the
Gaussian system of units!, where H is in Gauss, R is in cm,

¢ =3x 1010 cm/s and j is in statamp/cmz. The units that the
critical current density is most often written in is Afcm2 where

the conversion of statamp/cm2 to Alem?2 is

109 Satamp (A2-1)

A
2—3X m2

Rewriting equation (3-16) into the form

-¢ (H*
" (';) (A2-2)

the corresponding relation for the units can be written

statamp 3« 1010 ( ) H*(G)
'c( cm2 )= 4n R(cm)” (A2-3)

Equation A2-3 states that to keep both sides of the equation

consistent, the net units on the right hand side of the equation

must be statamp/cm2. To change the basis of units of jo to A/cm2,

the units of right hand side of (A2-3) must be changed using (A2-
1). Thus, jo can be written in A/cm2 by writing (A2-3) in the form

(A
ie (g2 (A2-4)

m2

3 x 1010 (J p A
H*(G) cm2

)
R(cm) 3 x 109 st atr:;np

185



Equation (A2-4) can be more conveniently written by writing ¢=10

so that

4r R(em)  statamp
Cm2

LJ 1 A -
. H*(G) cm?2

which is in the form (3-110).

1 J. D. Jackson, Classical Electromagnetism, J. Wilcy and Sons, New
York (1975).
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Appendix I
The basic method for the growth of single crystal
YBajCu307._5 is discussed by Kaiser et al.l, Schneemeyer et al.2,

and Liu et al.3 The method used for growing single crystal
YBayCu307.5 is commonly called a self flux method because the

flux that is used to grow the crystals is composed of the same
material as the crystal itself. For YBapCu307.5, the starting
materials most commonly used to grow the crystals are Y203,
BaCO3 and CuO powders. Separately, these three powders have
very high melting points (> 1500 ° C). However when they are
mixed together, a solid state reaction occurs between the materials

at much lower temperatures.
For YBapCu3O7.5 powder, the three starting materials are

mixed in the proper stoichiometric ratio of the metallic ions equal
to the YBapCu3O7.g final product. Thus the starting materials are

mixed in the ratio of; half mole of Y703 vs. two moles of BaCO3 vs.

three moles of CuO. It is important to obtain maximum
homogeneity when mixing the starting materials to ensure proper
stoichiometry of the finished product. This involves careful
grinding of the starting material and pre-reacting the mixture at
lower temperatures with re-grinding between each pre-reaction,
before the fina! reaction at 900 ° C takes place. One method for
producing fine grain powder of starting material is by grinding the
powder in a ball mill.

The starting stoichiometry used to grow single crystal
YBapCu3O7.g is higher in RaCO3 and CuO content than that of the
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polycrystal. The excess BaCO3 and CuO become the flux nccessary
to grow the single crystals. Without the proper amount of flux
added to the starting mixture only very small crystals, if any, wiil
be formed.

The flux is found to be quite corrosive and may react with
the crucible that is holding the mixture4. This crucible corrosion
may result in crucible material to enter the single crystals and

become impurities. Several types of crucibles (Pt, AlO2, ZrO3 and

Au) were tested when growing the single crystals. Of the crucibles
tested, only the crystals grown in ZrOp and Au crucibles were
found to have high superconducting transitions. The crystals
provided by Dr. Liu were also grown in Au crucibles.

The method that has so far produced the best single crystals
with respect to size and quality will be discussed. Au crucibles
were used to grow the crystals. The stoichiometry of the starting
mixture was a 1-4-10 ratio of Y-Ba-and Cu. Thus for every half
mole of Y703, four moles of BaCO3 and ten moles of CuO were
added. The starting powders were mixed and pressed into pellets,
placed in the gold crucible and fired in air. The mixture was
initially fired at 925 ° C for four hours. The sample was then
heated to 980 ° C for one and a half hours to melt the mixture. The
mixture was then slow cooled at a slow rate of 4 °C/hour, down to
890 ° C to ensure proper crystallization. Finally the mixture was
cooled to room temperature at a rate of 100 °C/hour.

This growth procedure resulted in small platelike crystals to

be formed within the flux. The size of the samples ranged from 1
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to 3 mm along the face of the plate and 0.2 to 0.5 mm in thickness.
The ¢ axis was always found to be along the thickness of the plate.

When measured inductively in a field of 1 G, the as-grown samples

were found to have low T¢ (To < 90 K) and a large transition width

(AT > 50 K). After annealing the samples at 400 ° C in flowing

oxygen for ten days, Tc was found to increase (Tc ~ 92 K) and

become much sharper (AT < 1 K). The superconducting transitions
of these crystals were found to be similar to the transitions of new
single crystals (made by Dr. Liu) as discussed in Ch. 5. X-ray
analysis of these single crystals found them to be single phase,

having the unit cell dimensions given in Ch. 2.

1 D. Kaiser, F. Holtzberg, M. F. Chisolm and T. K. Worthington, J.
Cryst. Growth 85, 593 (1987).
2 L. F. Schnecemeyer, J. V. Waszczak, T. Siegrist, R. B. van Dover,

L. W. Rupp, B. Batlogg, R. J. Cava and D. W. Murphy, Nature
328, 601 (1987).

3 J. Z. Liu, G. W. Crabtree, A. Umezawa and Li Zongquan, Phys.
Lett. A. 121, 305 (1987).

4 H. J. Scheel, W. Sadowski and L. Schellenberg, Supercond. Sci.
Technol. 2, 17 (1989).
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Appendix IV

For a rectangle of dimensions 2aj x 2ap, shown in

Figure A4-1,

Figure A4-1

2a4
2a2

assuming isotropic field penetration and ignoring corner effects,
the field would fully penetrate the sample along ap before aj. The
resulting geometry of the field penetration at H = H* would have a
tent-like structure shown in Figure A4-2.
Figure A4-2
ai

az

ara2

To calculate J'Hdv, the sample can be integrated in two sections, A

(unshaded) and B (shaded) as shown in Figure A4-3.
Figure A4-3
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For section A, assuming x to be the axis along aj and y to be the

axis along ap, since the field penetration is assumed to be uniform
the diagonal line going down the sample is of the form x =y where

the local field along y is written as
H*
h(y)= ThA (A4-1)

So the internal field in section A is written

)
X
[Hav =L o -8 [ -3—2-3—) A4-2
v=L8 f(?z)ydydx_ (az) 3 (A4-2)
0
0

where L is the length of the sample along the field. For section B,
since there is no field penetration along the x axis, the internal

field is just the local field integrated along the y axis,

a2
sk
L4(ay - a) j(f‘z—) y dy
0

= L2H* (ajay - a32). (A4-3)

J.Hdv

The total internal field is the sum of (A4-2) and (A4-3)
[Hdv = L[2H*a1a2 - 2H*ap2 + %(H*aZZ)]

= L2{H*ajay +3l (H*ap2)}. (A4-4)

So from (A4-4) the average internal magnetic induction given by

equation (3-106) is written for H = H*
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1
L2{H*ajap +3‘(H*a22)}

L4ajaj
H* 1(3az\ ‘
=5 {1+ |57 |k A4-5
) { 3 (aly ( )

The net diamagnetism at H = H* is just the difference between H*
and equation (A4-5), which is

H* = 1(32
-4nM = H* - 5 “+3(a1)}

=%fu-§c%). (A4-6)
As discussed in Ch. 3, a result of the Bean model is that the amount
of diamagnetism remains constant for fields above H* so that
expression (A4-6) represents the diamagnetic signal for all fields

H > H*. From Maxwell's equations, for H along the z direction
dH, dH,

curlH = al + axJ (A4-7)
and assuming the field gradient to be the same along x and y so
that

dH_dH_H*

dy =dx ~ a3 (A4-8)
jc can be related to H* by the relation

H*  4njc

3= 10" (A4-9)
Substituting equation (A4-9) into equation (A4-6) gives the result

M ~22, 1 122 A4-10;

- "20]0{ '3a1}- (A4-10)
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