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Wiley Series in Materials for Electronic and Optoelectronic Applications

This book series is devoted to the rapidly developing class of materials used for electronic
and optoelectronic applications. It is designed to provide much-needed information on the
fundamental scientific principles of these materials, together with how these are employed
in technological applications. The books are aimed at (postgraduate) students, researchers,
and technologists, engaged in research, development, and the study of materials in electron-
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for the electronic, optoelectronic, and communications industries.
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materials engineering at a practical level, but also on a clear understanding of the properties
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engineering background working on materials projects with applications in electronics. In
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Preface

The now more than 100-year-long history of superconductivity started with the discovery
of the phenomenon by H. Kammerlingh Onnes in 1911 at the University of Leiden, The
Netherlands. The discovery of J.G. Bednorz andK.A.Müller in 1986 that the superconduct-
ing state can exist in complex oxides above 30K revitalized the field of superconductivity.
This breakthrough started a race to find cuprate high-Tc superconductors with higher and
higher critical temperatures. As early as the following year, YBa2Cu3O7−x, the first super-
conductor with a critical temperature above 77K, the boiling point of liquid nitrogen, was
discovered. Today a large number of cuprate high-Tc superconductors with critical temper-
atures well above this are known.
The discovery of J.G. Bednorz and K.A. Müller opened up the search for the pairing

mechanism in the cuprate high-Tc superconductors. Furthermore, the investigation of the
phase diagrams and the processing conditions of complex cuprate superconductors led to
progress in the materials science of complex multicomponent compounds. Last but not
least, the potential for reduced operation costs resulting from the use of liquid nitrogen as
coolant renewed interest in power applications of superconductivity.
This book provides an overview of the known cuprate- and iron-based high-Tc

superconductors and their physical properties. In addition, the special case of the
intermediate-temperature superconductor MgB2 is considered. Further aspects presented
are the synthesis of these materials, the manufacture of superconducting wires and
tapes, and the deposition of superconducting films. The book should be suitable for use
in graduate-level courses on superconductivity. A large number of figures, tables, and
references illustrate the status of research and development in the field in mid-2014.
In Chapter 1, the milestones in the history of superconductivity are briefly described. A

special aspect of importance is the development of the maximum known critical tempera-
tures inmetals, oxides, molecular, and iron-based superconductors. The fundamental physi-
cal principles of normal-state electrical conductivity and the well-known characteristics of
metallic superconducting elements (Type I superconductors) are presented in Chapter 2.
Because the superconducting state in these materials can be destroyed by magnetic fields
as small as 100mT, they are not suitable for magnet applications. The main results of the
Bardeen–Cooper–Schrieffer (BCS) theory, the microscopic quantum theory of supercon-
ductivity in conventional metallic superconductors, are briefly described in Chapter 3. In
addition, it is shown that superconductivity is a macroscopic quantum phenomenon, which
is reflected in flux quantization and tunneling effects. In Chapter 4, the properties of Type II
superconductors are presented. Because normal and superconducting regions can coexist in



xvi Preface

Type II metallic superconductors, the magnetic fields required to destroy superconductivity
can exceed 20 T. In contrast, the high-Tc materials are extreme Type II superconductors
with upper critical fields of the order of 100 T.
An overview of the most important families of cuprate high-Tc superconductors is given

in Chapter 5. The crystal structures of cuprate superconductors are described in Chapter
6. Empirical rules for the critical temperature of cuprate high-Tc superconductors are dis-
cussed in Chapter 7. The generic phase diagram of hole-doped cuprate superconductors
is presented in Chapter 8. Aspects to be discussed are how high-Tc superconductivity can
come into existence in an insulating antiferromagnetic parent compound, in which mobile
holes are doped into the CuO2 planes, the superconducting order parameter has d-wave
symmetry, and a pseudogap exists. In Chapters 9–13, the physical properties of the cuprate
high-Tc superconductors are described. Chapter 14 focuses on the synthesis of cuprate
superconductor powders and the manufacture of bulk material. In Chapter 15, the man-
ufacture and the performance of first- (Ag/Bi-2212 round wires and tapes, Ag/Bi-2223
tapes) and second-generation (biaxially textured RE-123 (where RE is yttrium or another
rare earth element) coated conductors) cuprate high-Tc superconductor wires and tapes
are discussed. Chapter 16 is devoted to cuprate high-Tc superconductor films deposited
on single-crystal substrates, and to the achieved critical temperatures and transport critical
current densities.
Chapter 17 provides an overview of the physical properties of MgB2, the status of the

development of MgB2 wires and tapes, and the preparation of MgB2 films. An overview
of the recently discovered iron-based superconductors and their properties is provided in
Chapter 18.
Finally, an outlook on future research and development is given in Chapter 19. Future

research is expected to focus in two directions, namely the pairing mechanisms in cuprate
and iron-based superconductors, and the development of high-Tc superconductors and
MgB2for magnet and power applications.

Rainer Wesche
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Dph(𝜔) phonon density of states 3.2
DR roller diameter 15.2.3
Ds(E) single electron density of states in superconductor 3.2
e electron charge 1.2.2
E energy 2.2
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Ee, Ee electric field 2.2
Eec electric field criterion used to define Ic 9.5.1
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Ek eigenvalue of energy 2.2
f(E) Fermi–Dirac distribution function 2.2
fip, fop fraction of holes in inner, outer CuO2 planes 7.3
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F(hkl) structure factor 6.2.4
FL Lorentz force 4.4
G Gibbs free energy 2.5
Ghkl reciprocal lattice vector 6.2.5
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I current 2.3
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Ic critical current 3.3
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Is
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jc critical current density 4.4
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jc
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jct transport critical current density 9.5.2
je engineering critical current density 15.1
jQ thermal current density 11.3
js screening current density 2.4
js0 screening current density at superconductor

surface
2.4

Jc critical current density 3.3
k wave vector 2.2
k wave number 2.2
k thermal conductivity 11.3
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planes
11.3

kB Boltzmann constant 2.2
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c-axis
11.3

ke elastic constant 3.2
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Lph phonon mean free path 11.3
m magnetic moment 2.5
m electron mass 2.2
m* effective electron mass 2.2
mab, mc effective electron mass for currents along ab, c 4.5
mC mass of a Cooper pair 2.4
mn neutron mass 6.2.5
M,M magnetization 2.3
M isotopic mass 3.2
M magnetic quantum number 7.3
M0 initial magnetization 10.4
Mrem remanent magnetization 10.4
Msc molar weight 5.3
n unit vector perpendicular to interface 4.2
n number of CuO2 planes in a copper oxide block 6.3.6
n n factor 9.5.1
nC number density of Cooper pairs 2.4
nCA, nCB number densities of Cooper pairs in

superconductors A, B
3.3

nCi number density of Cooper pairs deep inside the
superconductor

4.2

ne number density of electrons ne = Ne/V 2.2
nh number density of holes 11.2
N number of atoms 2.2
N average electron number density 7.3
NA Avogadro’s number 2.5
Ne number of electrons 2.2
NE Einstein constant 13.2
Nh number of holes per CuO2 unit 7.2
Nopt number of holes leading to the highest Tc 7.2
Nv number of vortices 4.3
N
𝜙

integer number of flux quanta 3.2
p pressure 2.5
p chamber pressure 16.2.2
p momentum 2.2



Nomenclature xxvii

Symbol Meaning Section first used

p formal valence of copper 2 + p 5.3
p1, p2, p1’, p2’ momenta 3.2
pb chamber base pressure 17.5
pO oxygen partial pressure 15.3.2
pO2 oxygen partial pressure 11.2
Pin refrigerator input power 1.2.4
Pt probability of electron tunneling 3.3
q electric charge 5.3
q phonon wave vector 6.2.5
qC charge of a Cooper pair 2.4
q phonon momentum 3.2
Q heat 1.2.4
QP Peltier heat 12.1
r radius 4.4
r position vector 2.2
R gas constant 2.5
R resistance 2.3
RH Hall coefficient 5.3
Rr reduction ratio 15.2.3
RRR residual resistivity ratio, RRR = 𝜌(273 K)/𝜌(4 K) 2.2
s1, s2 electron spin 3.2
S entropy 2.5
S relaxation rate 10.4
S Seebeck coefficient 12.1
Se, Sh Seebeck coefficients for electrons, holes 12.2
Sn entropy in normal state 2.5
Ss entropy in superconducting state 2.5
t time 1.2.4
t barrier thickness 8.2.2
ti, tf initial, final tape thickness 15.2.3
T temperature 2.2
T* pseudogap temperature 8.2.1
Ta annealing temperature 16.2.2
Tc critical temperature, transition temperature 1.1
Tc (end) Tc defined by the end of the superconducting

transition
2.3

Tc (mid) Tc defined by the midpoint of the superconducting
transition

2.3

Tc (onset) Tc defined by the first deviation from normal-state
resistivity

2.3

Tc
clean critical temperature in clean limit 17.2

Tc,opt optimum critical temperature 7.2



xxviii Nomenclature

Symbol Meaning Section first used

TE Einstein temperature 13.2
TF Fermi temperature 2.2
Tg glass temperature 10.5
TM melting temperature (flux line lattice) 9.4
TN Néel temperature 6.1
Top operation temperature 1.2.4
Ts substrate temperature 15.3.2
Ts temperature at structural transition 18.2
U internal energy 2.5
U thermovoltage 12.1
U, U1 voltage 3.3
v, v velocity 2.2
vF Fermi velocity 11.3
vph phonon velocity 11.3
V volume 2.2
V voltage 10.5
V1 volume 5.3
Vm molar volume 7.4
Vp Electron–phonon interaction constant 3.2
Vp, Vp0 pinning potential with and without current 10.4
w width 8.2.2
W1 sample weight 5.3
x, y, z coordinates 2.2
xL lattice vector 2.2
𝛼 inclination of evaporation direction to surface

normal
15.3.2

𝛼(𝜔) electron–phonon coupling strength 3.2
𝛼, 𝛽, 𝛾 angles between crystallographic axes 6.2.3
𝛼xy off-diagonal element of the Peltier conductivity

tensor
12.1

𝛽 isotope effect exponent 3.2
𝛽B, 𝛽Mg partial boron, magnesium isotope effect exponents 17.2
𝛾 constant defined by Cel = 𝛾T 2.5
𝛾 gyromagnetic ratio 7.3
𝛾a electronic anisotropy 4.5
𝛿 phase difference 3.3
Δ half-width of the superconducting energy gap 3.2
Δmax maximum half-width of superconducting energy

gap
8.2.2

Δ𝛼i mean-field jump in thermal expansion coefficient
(i: lattice vectors a, b, c)

7.4



Nomenclature xxix

Symbol Meaning Section first used

ΔTc transition width 2.3
Δ
𝜎

half-width of 𝜎-band superconducting energy gap 17.2
Δ
𝜋

half-width of 𝜋-band superconducting energy gap 17.2
𝜀 dielectric constant 9.6
𝜀ab, 𝜀c strain in ab plane, strain along the c-axis 16.4
𝜀i strain along direction i, i: lattice vectors a, b, c 7.4
𝜂C Carnot efficiency 1.2.4
𝜃 angles defined in text 6.2.1
𝜃 Hall angle 12.1
𝜃0 grain boundary misalignment angle leading to

63% reduction of jc

9.6

𝜃D Debye temperature 2.5
𝜅 Ginzburg–Landau parameter 4.2
𝜅ab, 𝜅c 𝜅 for B || ab, c 4.5
𝜆 wavelength 6.1
𝜆0 penetration depth at T = 0 9.2
𝜆ab,𝜆c penetration depths for screening currents along

ab, c
4.5

𝜆e electron wavelength 3.3
𝜆ep electron–phonon coupling parameter 3.2
𝜆L penetration depth 2.3
𝜆Lo London penetration depth 2.4
𝜆TF Thomas–Fermi screening length 9.6
𝜇 chemical potential 2.2
𝜇 magnetic moment (electron) 4.3
𝜇0 permeability of free space 2.3
𝜇B Bohr magneton 4.3
𝜇c* screened Coulomb interaction parameter 3.2
𝜇r relative permeability 2.5
𝜇T Thomson coefficient 12.1
𝜈 Nernst coefficient 8.2.3
𝜈, 𝜈0 frequency, attempt frequency 10.4
𝜈D Debye frequency 13.1
𝜈J Josephson frequency 3.3
𝜈p phonon frequency 3.2
𝜉 coherence length 4.2
𝜉0 BCS value of the coherence length 17.2
𝜉ab, 𝜉c coherence length along ab, c 4.5
𝜉Co diameter of a Cooper pair 3.2
Π Peltier coefficient 12.1
𝜌 electrical resistivity 2.2



xxx Nomenclature

Symbol Meaning Section first used

𝜌0, 𝜌i residual resistivity, intrinsic resistivity 2.2
𝜌a, 𝜌b, 𝜌c resistivity for currents along crystallographic a-,

b-, c-axis
11.2

𝜌ab resistivity for currents in the ab plane 11.2
𝜌c resistivity criterion (definition of Ic) 9.5.1
𝜌ff flux flow resistivity 4.4
𝜎 electrical conductivity 2.2
𝜎c chemical shift 7.3
𝜎e, 𝜎h electrical conductivity for electron band, hole band 12.2
𝜎xy off-diagonal element of the conductivity tensor 12.1
𝜏 relaxation time 2.2
𝜏0 relaxation time 10.4
𝜑 electrical potential 12.1
𝜑(r) phase of the wave function of the Cooper pairs 2.4
𝜑A, 𝜑B phase of Cooper pair wave functions A, B 3.3
𝜑i, 𝜑j angles between crystallographic axes and junction

interface
8.2.2

𝜙 magnetic flux 3.3
𝜙0 flux quantum 3.2
𝜙J, 𝜙L magnetic flux in a single contact, in a loop 3.3
Φ superconducting order parameter 4.2
𝜒 magnetic susceptibility 2.5
𝜒P paramagnetic susceptibility 4.3
𝜓 collective wave function of the Cooper pairs 2.4
𝜓 , 𝜓k electron wave functions 2.2
𝜓1, 𝜓2, 𝜓3 wave functions 3.3
𝜓A, 𝜓B Cooper pair wave functions 3.3
𝜔 angular frequency 2.5
𝜔D Debye angular frequency 2.5



1
Brief History of Superconductivity

1.1 Introduction

In 1911, the phenomenon of superconductivity was discovered by Heike Kammerlingh
Onnes at the University of Leiden (The Netherlands). The centenary of this discovery was
celebrated with a joint conference of the European Applied Superconductivity Conference
(EUCAS 2011), the International Superconductive Electronics Conference (ISEC 2011),
and the International Cryogenic Materials Conference (ICMC 2011) on September 2011 in
The Hague (The Netherlands) [1]. Because of this anniversary, it seems to be worthwhile
to briefly describe the history of superconductivity. This overview of the most impor-
tant events in the history of superconductivity allows us to consider the high-temperature
superconductors (HTSs) and their properties in the broader context of superconductivity
in general. The most important milestones in the field of superconductivity are listed in
Table 1.1.

1.2 Milestones in the Field of Superconductivity

1.2.1 Early Discoveries

In 1908, the successful development of helium liquefaction techniques in the laboratory
of H. Kammerlingh Onnes at the University of Leiden made temperatures accessible
down to about 1K [2]. One of the first aspects to be investigated was the electrical
resistance of pure metals at very low temperatures. At that time, no proper theory of the
electrical resistivity of metals existed. It was already known that the electrical resistance
of metals decreases with decreasing temperatures. At the lowest temperatures, a nearly
temperature-independent residual resistivity was observed for platinum and gold. This
residual resistivity was found to decrease with increasing purity of the investigated sample.
Mercury was selected for the further investigations because this low melting-point metal

Physical Properties of High-Temperature Superconductors, First Edition. Rainer Wesche.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.



2 Physical Properties of High-Temperature Superconductors

Table 1.1 Important milestones in the history of superconductivity

Year Milestone Reference

1908 Successful liquefaction of He in the laboratory of
Kammerlingh Onnes at the University of Leiden

[2]

1911 Onnes discovered superconductivity in Hg [2]
1913 Onnes received the Nobel prize for the liquefaction of He
1933 Meissner and Ochsenfeld found perfect diamagnetism for

the superconducting state
[3]

1935 London theory of the superconductor electrodynamics [4]
1941 Discovery of superconductivity in NbN (Tc =15 K) [5]
1950 Ginzburg and Landau developed a phenomenological

theory of superconctivity
[6]

1953 Discovery of the first A15 superconductor V3Si (Tc =17.1 K) [7]
1957 Bardeen, Cooper, and Schrieffer (nobel prize 1972)

developed a quantum theory of superconductivity
[8, 9]

1960 Giaever measured the energy gap by electron tunneling [10, 11]
1961 Experimental confirmation of flux quantization [12, 13]
1962 Josephson predicted the possibility of Cooper pair tunneling

between two superconductors separated by a thin
insulating oxide layer

[14]

1973 Josephson received the Nobel prize for his theoretical
prediction of Cooper pair tunneling through a thin
insulating layer separating two superconductors

1974 Record Tc-value of 23.2 K in Nb3Ge [15–17]
1980 Bechgaard and colleagues found the first organic

superconductor
[18]

1986 Bednorz and Müller discovered superconductivity at 30 K in
La–Ba–Cu–O

[19]

1987 Discovery of the first superconductor with a Tc well above
the boiling point of liquid nitrogen (YBa2Cu3O7−x,
Tc =93 K)

[20]

1987 Bednorz and Müller received the Nobel prize for the
discovery of high-temperature superconductivity

1991 Superconductivity in K3C60 at 18 K [21]
1993 Record Tc-value of 135 K in HgBa2Ca2Cu3O8+𝛿 [22, 23]
2001 Akimitsu et al. found superconductivity at 39 K in MgB2 [24]
2003 Abrikosov and Ginzburg received the Nobel prize for their

contributions to the GLAG (Ginzburg–Landau–Abrikosov–
Gor’kov) theory

2008 Hosono and colleagues discovered superconductivity at
26 K in La(O1−xFx)FeAs

[25]

could be purified by repeated distillation. In 1911, Kammerlingh Onnes found that, at a
temperature of approximately 4.2K, the electrical resistivity of mercury suddenly drops
to a value too small to be measured. The temperature at which the superconducting
state is reached is called the transition or critical temperature (Tc). The resistance versus
temperature data measured by Kammerlingh Onnes are shown in Figure 1.1. The loss of
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Figure 1.1 Resistance vs. temperature plot obtained for mercury by Kammerlingh Onnes
(adapted from [2])

resistivity occurred within a temperature interval of 0.04K. The unexpected phenomenon
of superconductivity had been discovered [2]. Soon after this discovery, it was found in
Leiden that tin (Tc < 3.8 K) and lead (Tc < 7.2 K) are also superconducting metals [2].
The most remarkable property of the superconducting state is field exclusion. In 1933,

Meissner and Ochsenfeld observed that the magnetic field is expelled from the interior of
a superconductor, which is cooled below the transition temperature in the presence of a
small magnetic field [3]. This effect, nowadays known as the Meissner effect, cannot be
explained by zero resistance and is in fact a second characteristic property of the supercon-
ducting state.
In 1935, the brothers Fritz London and Heinz London developed the first phenomeno-

logical theory of superconductivity [4]. The London equations (see Section 2.4) provide a
theoretical description of the electrodynamics of superconductors, including the Meissner
effect. In a thin surface layer, just inside the superconductor, screening currents flow with-
out resistance, which cancel the applied magnetic field in the interior of the superconductor.
The thickness of this layer, known as the London penetration depth, is a characteristic of
the superconductor in question. In addition, London recognized that superconductivity is
an example of a macroscopic quantum phenomenon. The behavior of a superconductor is
governed by the laws of quantummechanics like that of a single atom, but on amacroscopic
scale [26, 27].
In 1941, Aschermann et al. found superconductivity in NbN with a transition

temperature of 15K [5]. Most superconductors discovered before 1941 were elemental



4 Physical Properties of High-Temperature Superconductors

metals or alloys. An interesting aspect is the relatively high critical temperature in a
compound containing the nonmetallic element nitrogen.

1.2.2 Progress in the Understanding of Superconductivity

In 1950, Ginzburg and Landau developed a phenomenological theory of superconductivity
[6], based on the principles of thermodynamics and empirical in nature. Abrikosov [28]
solved the Ginzburg–Landau (GL) equations and found solutions explaining the penetra-
tion of magnetic flux into Type II superconductors (see Chapter 4), leading to the formation
of a flux line lattice. The London theory of superconductivity is a special case of the GL
theory [29].
In 1957, Bardeen, Cooper, and Schrieffer [8, 9] developed a microscopic quantum theory

of superconductivity (BCS theory, see Section 3.2). The electron–phonon interaction leads
to a weak attraction between two electrons. This leads to the formation of Cooper pairs
consisting of two electrons of opposite spin and momentum. The total spin of a Cooper
pair is therefore zero and as the consequence the paired electrons do no longer obey Pauli’s
exclusion principle. All the Cooper pairs condense into a single ground state.
Gor’kov demonstrated in 1959 [30] that the GL theory can be derived from the BCS

theory, the microscopic theory of superconductivity. The GL theory is still a very useful
tool in the field of applied superconductivity.
In 1960, Giaever used aluminum/aluminum oxide/lead sandwiches to perform electron

tunneling experiments. The two metals were separated by an Al2O3 layer as thin as
1.5–2.0 nm. The tunneling current across the contact was measured in the temperature
range of 1.6–4.2K. Depending on the strength of the applied magnetic field, lead was in its
normal or superconducting state, while aluminum (Tc = 1.18 K) was always in its normal
state. The energy gap for the quasi-particles (unpaired electrons) in lead was determined
from the current–voltage curves of the tunneling contact [10]. The existence of an energy
gap for the quasi-particles in the superconducting state is one of the central predictions of
the BCS theory.
Independent of each other, Deaver and Fairbank [12] and Doll and Näbauer [13] demon-

strated experimentally in 1961 that the trapped flux in a superconducting hollow cylinder is
quantized in units of h∕2e, where h is Planck’s constant and e is the charge of an electron.
The fact that the flux is quantized in units of h∕2e instead of h∕e indicates the existence of
Cooper pairs in the superconductive state.
The possibility that Cooper pairs can tunnel through an insulating barrier separating two

superconductors was predicted in 1962 by Josephson [14] (see Section 3.3).

1.2.3 Discovery of High-Temperature Superconductivity

The discovery of high-temperature superconductivity has to be considered in the context of
the evolution of the record values of the critical temperature in different classes of super-
conductive materials (see Figure 1.2). In 1974, a record Tc-value of 23.2K was reached in
Nb3Ge films [15–17]. This remained the highest known critical temperature until the dis-
covery of superconductivity in the Ba–La–Cu–O system at a temperature as high as 30K
[19]. This discovery by Bednorz and Müller in 1986 started a race to higher and higher
critical temperatures. In 1987, YBa2Cu3O7–x, the first superconductor with a transition
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Figure 1.2 Map of the highest known critical temperatures in different classes of supercon-
ducting materials. Panel (a): metals and molecular superconductors [2, 5, 7, 15–18, 21, 24,
29, 31–37]. Panel (b): HTSs (cuprates and iron-based superconductors) [19, 20, 22, 23, 25,
38–51]

temperature well above the boiling point of liquid nitrogen (77K), was discovered [20].
By 1993, the maximum critical temperature was pushed up to 135K in HgBa2Ca2Cu3O8+x
(Hg-1223) [22, 23]. A slightly higher transition temperature of 138K was reported for the
partly thallium substituted Hg0.8Tl0.2Ba2Ca2Cu3O8+x [44]. Under a large quasi-hydrostatic
pressure of 31GPa, a critical temperature as high as 164K was measured in Hg-1223 [45].
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A common feature of all HTSs is the presence of CuO2 planes in the crystal structure; these
materials are cuprates.
One of the merits of Bednorz and Müller was the search for higher transition temper-

atures in the oxides. It was already known that superconductivity can occur in oxides.
However, the critical temperature of SrTiO3, the first known oxide superconductor, was
as low as 0.25K [38]. In the seventies of the 20th century moderately high critical temper-
atures of 11K [39] and 13K [40] were found in the oxides LiTi2O4 and BaPb1−xBixO3,
respectively.
In 1980, Bechgaard and colleagues discovered the first organic superconductor

(TMTSF)2PF6 (tetramethyl-tetraselenafulvalene) [18]. Other molecular superconductors
are alkali-doped C60 molecules. In K3C60, superconductivity at 18K [21] was found in
1991. The critical temperature of Cs3C60 under a high pressure of 40K [37] is consider-
ably larger than that of Nb3Ge and comparable to that of La2−xBaxCuO4, the first HTS
discovered by Bednorz and Müller.
Akimitsu et al. found in 2001 that the simple binary compound MgB2, a material known

since the 1950s, is a superconductor with the extraordinarily high transition temperature of
39K [24].
Hosono et al. discovered superconductivity in the iron pnictide La(O1−xFx)FeAs at a

temperature of 26K in 2008 [25]. Very rapidly the critical temperature could be enhanced
to a value as high as 55K in the related iron pnictide SmO0.85FeAs [49]. Because they have
transition temperatures well above 50K, the iron pnictides are considered as the second
family of HTSs. The discovery of the iron-based superconductors suggests that in addition
to the cuprates and the iron pnictides their may exist other families of HTSs.

1.2.4 Importance of Higher Transition Temperatures for Applications

Most applications of superconductivity require critical current densities of at least
104 A cm–2 at the envisaged operation field and temperature [52]. Another aspect of
importance is the cost of the cooling of the superconductive device. The efficiency of a
refrigeration cycle is closely related to the operation temperature. Considering an ideal,
reversible cooling cycle the maximum possible refrigeration efficiency is given by the
Carnot efficiency

𝜂C =
Top

300 K − Top
(1.1)

where Top is the operating temperature. The input power (Pin), required by an ideal,
reversible refrigerator, to remove the heat load dQ∕dt is proportional to the reciprocal
value of the Carnot efficiency:

Pin =
1
𝜂C

dQ
dt

(1.2)

The reciprocal values of the Carnot efficiency as a function of operating temperature are
presented in Figure 1.3. For example, the input power needed to remove a heat load of
1W at operation temperatures of 4.2, 20, and 77K is 70.4, 14, and 2.9W, respectively.
However, the efficiency of a real cooling cycle is considerably lower than the Carnot
efficiency. In general, large refrigerators are more efficient than smaller ones [53, 54]. For
large refrigerators with a heat removal capacity well above 10 kW, the efficiency can reach
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Figure 1.3 The reciprocal value of the Carnot efficiency as a function of the operation tem-
perature indicates that for the removal of a heat load of 1W at an operation temperature of
4.2 K a power of ≈70W is required, while this power is only 2.9W at an operation temperature
of 77K

≈30% of the Carnot efficiency. On the other hand, the efficiency of refrigerators with a
heat removal capacity of 1W is only a few per cent of the Carnot efficiency [53, 54].
The considerations of refrigeration efficiency clearly indicate that the ability to operate

superconductive devices at 77K instead of 4.2K provides a drastic reduction in the cost
of the cooling. The discovery of the cuprate HTSs therefore renewed interest in power
applications of superconductivity, e.g. in power transmission cables, transformers, fault
current limiters, and generators. For example, the technical feasibility of superconducting
transmission cables, made of low-temperature superconductors requiring operation temper-
atures close to 4K, was already demonstrated in the 1970s and the 1980s [55–59]. However,
these cables were not economically competitive with conventional technology because of
the high cost of cooling. As soon as industrially manufactured HTS tapes became avail-
able, several demonstrators of power transmission cables have been made of them [60–65].
Operation of HTS cables has been demonstrated with liquid nitrogen cooling; the cooling
cost is considerably reduced as compared to operation at ≈4 K. In addition, high critical
current density and sufficiently low superconductor cost are required if future HTS power
transmission cables are to become economically competitive with conventional technol-
ogy. The critical current density of HTS tapes is still increasing, and the cost is expected
to be further reduced.
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2
The Superconducting State

2.1 Introduction

In this chapter, we will first describe the superconducting state focusing on the physical
properties of simple metallic superconductors. In spite of much higher transition
temperatures and much more complex physics and chemistry of high-temperature
superconductors (cuprates and iron-based superconductors), some aspects of the phe-
nomenological description are very similar to those of simple metallic superconductors.
Moreover, the knowledge of the properties of metallic low-temperature superconductors
is required to recognize new phenomena characteristic of new classes of superconducting
materials (cuprates, iron-based superconductors). In addition to a relatively high-transition
temperature of 39K, the chemically and structurally simple superconductor MgB2 was
found to show the special feature of two-gap superconductivity. As a basis for the descrip-
tion of the superconducting state, we will first briefly consider the electrical resistance of
normal metals.

2.2 Electrical Resistance1

In contrast to the electrons of the completely filled inner atomic shells, the valence electrons
from the uppermost atomic levels are not bound to individual atoms in a metal. These
conduction electrons can move nearly freely in the background of the positive ions. As
a first approximation, the conduction electrons may be regarded as free electrons. In this
approximation, the electron–electron and the potential energy caused by the lattice of the

1 Reprinted with minor changes from “High-Temperature Superconductors: Materials, Properties, and Applications”
by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, pp. 7–15 with kind permission from Springer
Science+Business Media B.V.

Physical Properties of High-Temperature Superconductors, First Edition. Rainer Wesche.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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positive ions are neglected. The Schrödinger equation for a free electron is

− ℏ
2

2m

(
𝜕
2

𝜕x2
+ 𝜕

2

𝜕y2
+ 𝜕

2

𝜕z2

)
𝜓k(r) = Ek𝜓k(r) (2.1)

where ℏ = 1.0546 × 10–34 J s and m is the mass of the free electron. 𝜓k(r) is the wave
function of the electron and Ek is the corresponding eigenvalue of the energy. The use of
periodic boundary conditions

𝜓(x + L, y, z) = 𝜓(x, y + L, z) = 𝜓(x, y, z + L) = 𝜓(x, y, z) (2.2)

leads, for an electron of momentum p = ℏk, to the following wave function:

𝜓k(r) = exp(ik ⋅ r) (2.3)

where i =
√
−1 and

kx = 0, ±2𝜋
L
, ±4𝜋

L
, … ky = 0, ±2𝜋

L
, ±4𝜋

L
, … kz = 0, ±2𝜋

L
, ±4𝜋

L
, … (2.4)

Equations 2.2 and 2.4 are valid only for isotropic solids. The wave functions (2.3)
correspond to plane waves propagating in the direction of the wave vector k. Inserting
Equation 2.3 into Equation 2.1 leads to the following energy eigen values Ek:

Ek = ℏ
2

2m
(k2x + k2y + k2z ) =

ℏ
2

2m
k2 (2.5)

In a solid composed of N atoms, each atomic energy level splits into N levels. As a con-
sequence of the large number of atoms in a solid, it is justifiable to replace the discrete
values of the wave number k by a continuous variable. Figure 2.1 shows the energy of free
electrons in a one-dimensional lattice as a function of the wave number k.

E

kπ /a–π /a 0

Figure 2.1 Energy E of free electrons in a one-dimensional lattice versus wave number
k; a is the lattice constant (Reprinted from “High-Temperature Superconductors: Materials,
Properties, and Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN
0-7923-8386-9, Figure 2-1, p. 8 with kind permission from Springer Science+Business Media
B.V.)
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In the ground state, the electrons in atoms and solids occupy the lowest energy levels
allowed by Pauli’s exclusion principle which states that no two electrons in an atom or
solid may have the same set of quantum numbers. Because of the two possible directions
of the electron spin, each energy level can be occupied by two electrons.
The Fermi–Dirac distribution law gives the probability that an energy state is occupied

by the electrons in thermal equilibrium. The Fermi–Dirac distribution function f (E) is

f (E) = 1
exp {(E − 𝜇)∕kBT} + 1

(2.6)

where 𝜇 is the chemical potential, kB is the Boltzmann constant, and T is the temperature.
It is a fairly good approximation to replace the chemical potential 𝜇 in Equation 2.6 by the
Fermi energy EF.

𝜇 = EF for T = 0

𝜇 ≈ EF for T ≠ 0.
(2.7)

The Fermi energy EF is by definition the highest occupied energy state at zero temperature.
At T = 0, the Fermi–Dirac distribution function f (E) is a step function with f (E) = 1 for
E < EF and f (E) = 0 for E > EF. Figure 2.2 shows the Fermi–Dirac distribution function
f (E) for low and high temperatures. The Fermi energy EF = kBTF typically corresponds to
temperatures TF of more than 50 000K. Room temperature may, therefore, be considered
as low.
Next, the density of energy states D(E) = dNe(E)∕dE will be considered. The energy

levels in the ground state can be represented by points in k-space. The occupied states are
within a sphere of radius kF , where the Fermi wave number kF is defined by

EF = ℏ
2

2m
k2F . (2.8)

EEF

f(E)

High T
Low T

0

0.5

1

Figure 2.2 Fermi–Dirac distribution for low and high temperatures (Reprinted from “High-
Temperature Superconductors: Materials, Properties, and Applications” by Rainer Wesche,
Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-2, p. 9 with kind permission
from Springer Science+Business Media B.V.)
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According to Equation 2.4, each energy state in an isotropic solid requires a volume of
(2𝜋∕L)3 in k-space. Taking into account that each of these states can be occupied by two
electrons having opposite spin directions, the number of electrons Ne within the Fermi
sphere of volume (4∕3)𝜋k3F is

Ne =
V
3𝜋2

k3F (2.9)

where V = L3 is the volume of the solid. Using Equation 2.9, the Fermi wave number can
be related to the electron concentration ne = Ne∕V , and for the Fermi energy EF, we obtain

EF = ℏ
2

2m

(
3𝜋2Ne

V

)2∕3

= ℏ
2

2m
(3𝜋2ne)2∕3 (2.10)

Rearranging Equation 2.10 leads to

Ne(E) =
V
3𝜋2

(2mE
ℏ2

)3∕2
(2.11)

where Ne(E) is the number of states below the energy E. The resulting density of states
D(E) is

D(E) =
dNe(E)
dE

= V
2𝜋2

(2m
ℏ2

)3∕2
E1∕2 (2.12)

Figure 2.3 shows the density of states for a free electron gas. The number of occupied
energy states between E and E + dE is D(E) f (E), as indicated in Figure 2.3.
As a consequence of the very high Fermi temperatures TF ≈ 50 000 K, only about 1%

of the conduction electrons in a metal can reach energy states above the Fermi energy at
room temperature. This explains the very small contribution of the electron gas (≈0.01 ×
(3∕2)kBT ) to the specific heat of metals.

EEF

D
(E

)

T = 0

T > 0

Figure 2.3 Density of states D(E) and occupation of the energy states for a free electron gas
(Reprinted from “High-Temperature Superconductors:Materials, Properties, and Applications”
by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-3, p. 10
with kind permission from Springer Science+Business Media B.V.)
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So far, the periodically varying potential of the positive ions has been neglected. Tak-
ing this potential into consideration, the solutions of Schrödinger’s equation are Bloch
functions

𝜓(r) = exp(ik ⋅ r) u(r) (2.13)

where the modulating amplitude u(r) = u(r + xL) reflects the periodicity of the lattice.
Thus, the vector xL is a lattice vector. The motion of the electron waves in the crystal
lattice is similar to that of electromagnetic waves. Scattering of X-rays is allowed only
in the directions given by the Bragg condition. In a one-dimensional lattice of spacing
a, the Bragg condition is satisfied by the electrons with wave vectors of ±𝜋∕a ± 2𝜋∕a ±
3𝜋∕a ± · · ·. These k-values are the boundaries of the Brillouin zones. Bragg scattering
leads to the interference of the electron waves propagating in opposite directions. From
this interference, for example for k = 𝜋∕a, the following two different standing waves
result:
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− exp
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= 2i sin
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x
𝜋

a

) (2.14)

The probability of finding the electron in an interval dx around the position x is given
by the probability density 𝜓(x)𝜓∗(x), where 𝜓∗(x) is the complex conjugate of 𝜓(x). The
maximum probability density is at the positions of the positive ions for 𝜓+𝜓+∗, whereas
it is minimum at the positions for 𝜓–𝜓–∗. Therefore, the potential energies for the wave
functions𝜓+ and𝜓– are different, leading to an energy gap at the boundaries of the Brillouin
zones. Figure 2.4 shows the dependence of the electron energy E on the wave number k for
a one-dimensional periodic potential, together with the band structure resulting from the
energy gaps Eg at the k-values of ±𝜋∕a, ±2𝜋∕a, and ±3𝜋∕a. The energy of electrons in a
periodic potential can be expressed by the free electron Equation (2.5) if the free electron
mass is replaced by an effective mass m∗:

Ek = ℏ
2

2m∗ k
2 (2.15)

where
1

m∗(k)
= 1
ℏ2

d2E
dk2

(2.16)

The difference between m and m∗ is a consequence of the electron–lattice interaction.
In the vicinity of the boundaries of the Brillouin zones, m∗ may deviate considerably from
the free electron mass m. A more detailed description of the band structure of solids can be
found in [1].
The band structures of insulators, semiconductors, and metals are illustrated schemati-

cally in Figure 2.5. In insulators, the valence band is fully occupied by electrons, whereas
the conduction band is completely empty. Because the energy gap Eg between the valence
and conduction bands is typically larger than 2 eV for insulators, thermal energy is not
sufficient to excite electrons into the conduction band. As a consequence of the exclusion
principle and the lack of empty states in the uppermost occupied band, the electrons cannot
be moved by an applied electric field.
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E
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ka3π2π–2π–3π π–π 0

Figure 2.4 Energy versus wave number k for electrons in a one-dimensional periodic poten-
tial. The energy gaps at the boundaries of the Brillouin zones lead to the band structure shown
on the right (Reprinted from “High-Temperature Superconductors: Materials, Properties, and
Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9,
Figure 2-4, p. 12 with kind permission from Springer Science+Business Media B.V.)
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Figure 2.5 Schematic illustration of the band structures of insulators, pure semiconductors,
and metals (Reprinted from “High-Temperature Superconductors: Materials, Properties, and
Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9,
Figure 2-5, p. 13 with kind permission from Springer Science+Business Media B.V.)

Pure semiconductors are also insulators at T = 0. However, the energy gap Eg of semi-
conductors is only around 1 eV or less. The relatively small energy gap allows the thermal
excitation of a few electrons from the valence band into the conduction band. In this pro-
cess, holes are created in the valence band, which behave like positive electrons. Both
the electrons in the conduction band and the holes in the valence band contribute to the
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electrical conductivity of semiconductors. The number of electron–hole pairs is propor-
tional to exp(–Eg∕2kBT). Thus, the number of electron–hole pairs increases with increasing
temperature, leading to an enhanced intrinsic conductivity of semiconductors at higher
temperatures.
In metals, the Fermi energy EF is within the conduction band. Because of the empty

energy states available in the conduction band, the electrons in a metal can be accelerated
by an applied electric field Ee. Figure 2.6 (left) shows the occupation of states for Ee = 0.
Equal numbers of electrons move in the x and –x directions, and the resulting current is
zero. On the other hand, for an electric field Ee applied in the –x direction (right), more
electrons travel in the +x direction than in the –x direction, and a net current flows.
Propagation without resistance would be expected for electrons in a perfectly periodic

lattice. However, impurity atoms, lattice defects, and the thermally activated lattice vibra-
tions (phonons) disturb the periodicity of the lattice. As a consequence, the electrons are
scattered at these lattice imperfections, transferring energy from the electrons to the lat-
tice. Between successive scattering processes, the electrons are accelerated by the applied
electric field Ee. The resulting drift velocity of the electrons is

v =
eEe

m∗ 𝜏 (2.17)

where the electron’s charge e is understood to be negative and m∗ is its effective mass. The
relaxation time 𝜏 is of the order of the time between two successive collisions. The electrical

E

EF

Ee = 0

kπ /a–π /a 0

E

EF

Ee

X

kπ /a–π /a 0

Figure 2.6 Occupation of energy states in a one-dimensional metal for Ee = 0 (left) and an
electric field Ee applied in the –x direction (right) (Reprinted from “High-Temperature Super-
conductors: Materials, Properties, and Applications” by Rainer Wesche, Kluwer Academic
Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-6, p. 13 with kind permission from Springer
Science+Business Media B.V.)
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conductivity 𝜎 can be written as

𝜎 =
nee

2
𝜏

m∗ (2.18)

where ne is the number density of electrons. The resistivity of many metals can be well
described by Matthieson’s rule

𝜌(T) = 𝜌0 + 𝜌i(T) (2.19)

The temperature-independent residual resistivity 𝜌0 is caused by impurities and lattice
defects. Typically, 1 at% of impurities leads to a residual resistivity of 1 μΩ cm. The intrin-
sic resistivity 𝜌i(T) due to the electron–phonon interaction is a characteristic property of
the host metal. At sufficiently large temperatures, the resistivity of metals is dominated by
the phonon contribution 𝜌i(T), and a linear temperature dependence results in 𝜌(T) above
room temperature:

𝜌(T) = 𝜌(300 K) + k1T (2.20)

At low temperatures, the intrinsic resistivity is typically proportional to T5. Thus, the resis-
tivity at very low temperatures is given by

𝜌(T) = 𝜌0 + k2T
5 (2.21)

The constants k1 and k2 are characteristic of the metal in question. Figure 2.7 shows the
temperature dependence of the electrical resistivity of copper [2] for the selected values of
the residual resistivity ratio (RRR), which is defined as

RRR = 𝜌(273 K)
𝜌(4 K)

(2.22)

RRR increases with increasing purity, reaching values above 10 000 in very pure metals.
2So far, we have considered the conduction electrons in a metal as a Fermi gas. In

this model, the interactions among the electrons are neglected. In the expressions for the
free electron gas, the interaction of the electrons with the atomic lattice has been taken
into account by the use of an effective mass m∗, which may be considerably different
from the mass of a free electron. The Fermi liquid theory, developed by Landau in
1957 [3, 4], takes into account the interactions of the electrons in a nonsuperconducting
metal. The Landau–Fermi liquid theory indicates that there exist close correspondences
between the physical properties of a Fermi gas and a Fermi liquid. Other examples of
Fermi liquids are liquid 3He, and the protons and neutrons in the atomic nuclei. The
electrons (quasi-particles) in a Fermi liquid obey both Pauli’s exclusion principle and
Fermi statistics. The interacting fermions are replaced by noninteracting quasi-particles,
characterized by the same spin, charge, and momentum of the original particles. The
specific heat (electronic contribution linear in temperature), the compressibility, and the
spin susceptibility, all show a similar dependence on temperature as a Fermi gas. However,
the absolute values may be significantly different. The resistance at low temperatures is

2 Next three paragraphs: Material added for the present monograph not reprinted from “High-Temperature Superconductors:
Materials, Properties, and Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9.
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Figure 2.7 Resistivity of copper for RRR-values of 10, 30, and 100. At very low temperatures,
the intrinsic resistivity 𝜌i(T) due to the electron–phonon interaction approaches zero (𝜌i(T) data
from [2]) (Reprinted from “High-Temperature Superconductors: Materials, Properties, and
Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9,
Figure 2-7, p. 15 with kind permission from Springer Science+Business Media B.V.)

dominated by electron–electron scattering in combination with Umklapp scattering, and
a quadratic dependence on temperature can be expected for a Fermi liquid. In systems
with strongly interacting, correlated electrons, the Fermi liquid behavior may break down.
In the high-temperature cuprate superconductors, some evidence for a non-Fermi liquid
behavior has been observed.
In addition to the band insulators, in which the unavailability of empty states and

Pauli’s exclusion principle are responsible for the insulating character of the material
as has been already discussed, there exists a second class of insulators known as Mott
insulators. The fundamental work in this field was performed by the British physicist Mott
[5]. For example, the parent compounds of cuprate superconductors are Mott insulators
with a half-filled conduction band. Band theory would predict metallic behavior for such
a material. However, in a Mott insulator, the strong Coulomb repulsion of the electrons
prevents the occupation of the same state by a second electron with an opposite spin
direction. The energy barrier for this process is of the order of several electron volts. In
spite of the availability of empty states, the material is insulating because of the strong
Coulomb interaction among the electrons hindering their motion.
In general, changes of the distances of neighboring atoms can lead to a Mott transition.

At sufficiently large inter-atomic distances, the broad conduction band of a metal can be
separated into distinct atomic levels, and, hence, there occurs a transition from delocalized
conduction electrons to electrons bound to single atoms [1, 6]. Doping or application of
pressure can transform a Mott insulator to a metallic state. Examples of Mott insulators are
NiO, FeO, and CoO.
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2.3 Characteristic Properties of Superconductors3

In the previous section, the temperature dependence of the resistivity of metals in the
normal state was described. The resistivity in the normal state decreases continuously and
reaches a constant value 𝜌0 at low temperatures. Figure 2.8 shows resistance versus temper-
ature for a low-temperature superconductor. At the transition temperature Tc, the resistance
drops abruptly to an immeasurably small value. This behavior is remarkably different from
the steadily decreasing resistance of nonsuperconducting metals (see Figure 2.7) and sug-
gests the existence of a physically different superconducting state. In pure metals, the zero
resistance state can be reached within a temperature range of 1mK. In the case of impure
metals, the transition to the superconducting statemay be considerably broadened. A transi-
tion width of ≈0.05 K has been observed for impure tin [7]. Above the critical temperature
Tc, the metal is in the normal state and the resistance is proportional to T5. In many metals,
the exponent is between 2 and 6, considerably different from the value of 5 predicted by
the Bloch theory [2].
Figure 2.9 shows resistance versus temperature for a single- and a multiphase

high-temperature superconductor. Normal and superconducting metals are simple.
Bi-, Tl-, and Hg-based cuprate superconductors are chemically complex materials, in
which there may exist several superconducting phases in one specimen. A two-step
transition reflects the presence of at least two superconducting phases. Generally, the
transition to the superconducting state, even in single-phase materials, is less sharp than
in metallic low-temperature superconductors. The transition width ΔTc for single-phase
high-temperature superconductors is typically ≈1 K. In epitaxial YBa2Cu3O7 films,
ΔTc-values as small as 0.3K have been achieved [8]. Typically, above Tc a linear
dependence of resistivity on temperature is observed.
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Figure 2.8 Resistance versus temperature for a low-temperature superconductor (Reprinted
from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-8, p. 16 with kind
permission from Springer Science+Business Media B.V.)

3 Reprinted with minor changes from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, pp. 16–24 with kind permission from Springer
Science+Business Media B.V.
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Figure 2.9 Resistance versus temperature curves of a single- and a multiphase high-
temperature superconductor (Reprinted from “High-Temperature Superconductors: Materi-
als, Properties, and Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN
0-7923-8386-9, Figure 2-9, p. 17 with kind permission from Springer Science+Business Media
B.V.)

Figure 2.10 shows the resistance as a function of temperature for a multifilamentary
Ag/Bi-2212 wire of 1mm diameter. Some definitions of the critical temperature Tc used
in the literature are illustrated in Figure 2.10. Because of the broadening of the super-
conducting transition in high-temperature superconductors, the Tc-value can be defined
in several ways. The first deviation from the linear behavior in the normal state defines
Tc(onset). Another way to define Tc is as the endpoint of the superconducting transition,
where the resistance has fallen to an immeasurably small value. Generally, the determina-
tion of the onset or the endpoint of the transition is difficult. It is, therefore, more convenient
to define Tc by the midpoint of the superconducting transition Tc(mid). The Tc-values cor-
responding to 10% and 90% of the normal state resistance can be used to define a transition
width ΔTc = Tc(90%) – Tc(10%). The width ΔTc of the superconducting transition shown
in Figure 2.10 is about 1.2K. Above Tc, the electrical conductivity of the Ag/Bi-2212 mul-
ticore wire is determined mainly by the silver matrix.
Typically, a resistance drop of several orders of magnitude is observed at the transition

temperature Tc. However, it is in principle impossible to prove experimentally that the resis-
tance in the superconducting state is in fact zero. The most efficient way to determine an
upper limit of the resistance is to induce a current in a superconducting loop and to detect
the decay of the magnetic fields produced by the supercurrents. The time dependence of
the current I in the loop is given by I(t) = I0e

–t∕𝜏 , where I0 is the initial value of the current
and t is the time which has elapsed since the supercurrent has been induced. The resistance
R and self-inductance L of the superconducting loop determine the time constant 𝜏 = L∕R
for the decay of the current. Several investigators have performed such experiments and
established upper limits for the resistivity in the superconducting state [9–13]. An upper
limit of 3.6 × 10–23 Ω cm has been determined for the resistivity in low-temperature Type
I superconductors [9]. As a consequence of flux creep effects, slightly decaying supercur-
rents have been observed in Type II superconductors (see Chapter 4). However, the creep
rates are so small that the supercurrents in Nb3Sn, 3Nb–Zr and Nb powder would die out
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Figure 2.10 Resistance versus temperature for a Ag/Bi-2212 multicore wire. The Tc -values
resulting from different definitions of the critical temperature are indicated (Reprinted
from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2.10, p. 18 with kind
permission from Springer Science+Business Media B.V.)

after times of more than 3 × 1092 years [10]. Therefore, in any practical sense, the super-
currents can be considered as persistent currents. Upper resistivity limits of 2 × 10–18 [11]
and 7 × 10–23 Ω cm [12] have been reported for YBaCuO at 77K. As in conventional Type
II superconductors, flux creep effects have been observed [11]. These values of the upper
limit of the resistivity in the superconducting state have to be compared with the resistivity
of annealed, very pure metals. The resistivity of aluminum with an RRR-value of 40 000
is ≈ 10–10 Ω cm at 4.2K [2]. This value is several orders of magnitude larger than the
upper limits found for a possible resistivity in the superconducting state. For all practical
purposes, it is, therefore, justified to assume zero resistance below Tc.
In addition to resistanceless current transport, the superconducting state is character-

ized by perfect diamagnetism. The magnetic behavior of a superconductor is illustrated in
Figure 2.11. Two different situations have to be distinguished. In the first case, the super-
conductor is cooled below Tc without an applied magnetic field (zero field-cooled ZFC,
Figure 2.11, left). Below the transition temperature Tc, a magnetic field is applied. Due
to the time variation of the magnetic field dB∕dt ≠ 0, persistent screening currents are
induced in the surface layer of the superconductor. These currents generate a flux den-
sity opposite to that of the applied magnetic field. The magnetic flux density is, therefore,
zero everywhere inside the superconductor. On the other hand, outside the superconducting
sphere, the magnetic field is enhanced as a consequence of the superposition of the flux of
the applied magnetic field and that of the screening currents flowing in the surface layer
of the superconductor. A similar behavior would be expected for a perfect conductor with
zero resistance. The superconductor is again unmagnetized when the appliedmagnetic field
is removed.
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Figure 2.11 Themagnetic flux is excluded from the interior of a superconductor without field-
cooling (left) as well as with it (center). In contrast to this behavior, a magnetic flux would exist
in the interior of a field-cooled perfect conductor (right) (Reprinted from “High-Temperature
Superconductors: Materials, Properties, and Applications” by Rainer Wesche, Kluwer Aca-
demic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-11, p. 20 with kind permission from
Springer Science+Business Media B.V.)

In the second case, the superconductor is cooled below Tc, while a magnetic field is
applied (field-cooled FC, Figure 2.11, center). As soon as the temperature has fallen below
Tc, the magnetic flux is excluded from the interior of the superconductor. This remark-
able behavior of a superconductor is called the Meissner effect. Reduction of the magnetic
field to zero leads to an unmagnetized superconductor. Independent of the way the super-
conducting state was reached there is no magnetic flux inside a superconductor. It is of
importance to notice that perfect conductivity does not explain the Meissner effect. The
different behavior of an FC perfect conductor is also shown in Figure 2.11 (right). The val-
ues of the relative magnetic permeability for nonferromagnetic metals are close to unity.
Thus, the magnetic flux density inside the metal is nearly the same as that of the applied
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Figure 2.12 Penetration of an applied magnetic field into the surface layer of a semi-
infinite superconducting plate (Reprinted from “High-Temperature Superconductors: Mate-
rials, Properties, and Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998,
ISBN 0-7923-8386-9, Figure 2-12, p. 21 with kind permission from Springer Science+Business
Media B.V.)

magnetic field. Because dB∕dt = 0, no screening currents are induced and the magnetic
flux is, therefore, not removed from the interior of a perfect conductor at low temperatures.
Finally, the magnetic field is removed (dB∕dt ≠ 0), and the perfectly conducting sphere is
magnetized due to the induced currents.
Because of the limited critical current densities, the screening currents flow in a thin

but finite layer, within which magnetic flux penetrates into the superconductor. Figure 2.12
shows the exponential decay of the magnetic field in the surface layer of a semi-infinite
superconducting plate. The magnetic field at a depth x from the surface of the semi-infinite
superconducting plate is

B(x) = B0 exp

(
− x
𝜆L

)
(2.23)

where B0 is the magnetic field at the surface and 𝜆L is the penetration depth. Typical values
of the penetration depth are 10–5–10–6 cm at T = 0. The penetration depth 𝜆L is an impor-
tant parameter in the London theory of superconductivity (see Section 2.4). The penetration
depth 𝜆L depends on temperature and becomes infinite at the transition temperature Tc. The
temperature dependence is given by

𝜆L(T) = 𝜆L(0)

(
1 −

(
T
Tc

)4
)−1∕2

(2.24)

where T is the temperature and 𝜆L(0) is the penetration depth at zero temperature.
Figure 2.13 shows the normalized penetration depth 𝜆L∕𝜆L(0) as a function of reduced
temperature T∕Tc.
The magnetizing field H, the magnetic flux density B, and the magnetization M are

related by the expression B = 𝜇0(H + M). For example, for a superconducting cylinder
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Figure 2.13 Normalized penetration depth 𝜆L∕𝜆L(0) versus reduced temperature (Reprinted
from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-13, p. 21 with
kind permission from Springer Science+Business Media B.V.)

with H applied parallel to the axis, the B field, and the magnetization M are also parallel
to the axis of the cylinder. The H fields inside and outside of the superconducting cylinder
are equal (Ha = Hi). In the surface layer of the superconductor, the flux density decreases
rapidly due to the magnetization generated by the screening currents. In the center of the
cylinder, the magnetization cancels the applied field, i.e.Mi = –Hi, and, hence, Bi = 0. For
simplicity, in the present book we will frequently denote the magnetic flux density B as the
magnetic field.
The superconducting state can be destroyed by sufficiently large magnetic fields. The

transition from the superconducting state occurs at a certain critical magnetic field Bc,
which is the characteristic of the superconductor in question. The temperature dependence
of the critical field Bc is typically well described by

Bc(T) = Bc(0)

(
1 −

(
T
Tc

)2
)

(2.25)

where Bc(0) is the critical field at T = 0. The resulting phase diagram is shown in
Figure 2.14. The Bc(T ) curve separates the superconducting from the normal state. The
Meissner effect ensures that the superconducting state is a state in the sense of thermo-
dynamics. The properties at the point Pf in the superconducting state (see Figure 2.14)
are independent of the order in which the final conditions of temperature and the applied
magnetic field are reached. Figure 2.15 shows the critical field Bc as a function of
temperature for selected superconducting elements. Table 2.1 gives the distribution of the
superconducting elements in the periodic table, with the Tc- and Bc-values of elements that
are superconducting at ambient pressure. These values and Equation 2.25 were used to
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Table 2.2 Critical temperatures Tc of selected elements
superconductive only under high pressure4

Element Tc(K) Pressure (GPa) Reference

Li 20 48 [17]
Ca 15 150 [18]
Ca 25 161 [19]
Fe 2 21 [21]
Si 8.5 12 [22, 23]
Ge 5.4 11.5 [15]
P 18 30 [24]
Bi 8.7 9 [25]
S 17 160 [26]
Se 7 13 [27]

calculate the Bc(T ) curves shown in Figure 2.15. In addition to the ferromagnetic metals,
the noble metals and most of the alkali metals have been found to be nonsuperconducting
in the temperature ranges investigated so far. Generally, both the transition temperature
Tc and the critical field Bc depend on the crystal structure. For example, the Tc-values
of hexagonal close-packed and face-centered cubic lanthanum are 4.88K and 6.00K,
respectively.
Some of the elements are superconducting only at high pressure or in high pressure

phases. In Table 2.2, the critical temperatures of selected elements superconductive only
under high pressure are listed. The earth alkali metal calcium shows a critical tempera-
ture as high as 25K at a pressure of 161GPa, the highest Tc among the superconducting
elements [19]. Other elements characterized by high-transition temperatures at high pres-
sure are lithium (Tc = 20 K at 48 GPa) [15–17], sulfur (Tc = 17 K at 160 GPa) [26] and
boron (Tc = 11.2 K at 250 GPa) [20]. At a pressure of 21GPa, superconductivity has been
observed even in iron [21]. At this pressure, iron crystallizes in a hexagonal close-packed
structure and is supposed to be nonferromagnetic. Other elements show superconductivity
only in certain allotropes. In the case of carbon, the allotropes diamond (boron doped) [28]
and carbon nanotubes [29] have been found to be superconductive, whereas graphite is not
superconducting. In some elements, superconductivity has been observed only in films. A
chromium film embedded between two gold layers leading to a face-centered cubic crystal
structure has been found to be superconductive below 3K [30].

2.4 Superconductor Electrodynamics5

Two years after the discovery of the Meissner effect, a phenomenological theory of
superconductivity was developed by London and London [31]. In the normal conducting

4 Table 2.2 and following paragraph: Material added for the present monograph not reprinted from “High-Temperature Supercon-
ductors: Materials, Properties, and Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9.
5 Reprinted with minor changes from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, pp. 51–56 with kind permission from Springer
Science+Business Media B.V.
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state, the current density j and the applied electric field Ee are connected by Ohm’s law
j = 𝜎Ee, where 𝜎 is the conductivity. As a consequence of infinite conductivity in the
superconducting state, Ohm’s law has to be replaced by the first London equation

d j
dt

= 1

𝜇0𝜆
2
Lo

Ee (2.26)

where 𝜇0 is the permeability of free space and 𝜆Lo is a constant. The electric field in the
superconductor is zero for constant current density. It may be noticed that time varying
currents produce an electric field within the superconductor. The second London equation
gives a relation between the current density j and the magnetic field B:

curl j = − 1

𝜇0𝜆
2
Lo

B (2.27)

In quantum physics, the momentum p has to be replaced by the operator −iℏ∇; the follow-
ing expression results for the current density j (see also Chapter 3):

j = qC𝜓
∗v𝜓 =

nCqC
mC

(ℏ∇𝜑(r) − qCA) (2.28)

where A is the vector potential, v is the velocity, nc is the concentration, mc is the mass, qC
is the charge, and 𝜓 is the collective wave function of the Cooper pairs, given by

𝜓 = n1∕2C exp(i𝜑(r)), with nC = 𝜓
∗
𝜓 (2.29)

Here, 𝜑(r) is the phase of the wave function (see also Chapter 3). Rewriting Equation 2.28
and taking into account that ∇ × ∇𝜑(r) = 0, the following expression is obtained:

curl j = −
nCq

2
C

mC
B (2.30)

A comparison of Equations 2.27 and 2.30 allows us to write

𝜆Lo =
√

mC

𝜇0nCq
2
C

(2.31)

Next, it will be shown that the second London equation includes the Meissner effect. The
London equations do not replace theMaxwell equations but are additional conditions which
aremet by the supercurrents. The electric andmagnetic fields are connected by theMaxwell
equation

curl Ee = −𝜕B
𝜕t

(2.32)

Using Equation 2.26, the electric field Ee can be replaced by the current density j and the
following expression results:

curl

(
𝜇0𝜆

2
Lo

𝜕j
𝜕t

)
= −𝜕B

𝜕t
(2.33)

Equation 2.33 describes the behavior of a perfect conductor with infinite conductivity. The
magnetic field in a perfect conductor depends on the initial conditions (see Figure 2.11).
However, as a consequence of the Meissner effect, the magnetic field in the interior of a
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sufficiently large superconductor is zero regardless of the initial conditions. The second
London equation 2.27 can be obtained by the time integration of Equation 2.33 under the
condition that the integration constant is zero. Thus, the second London equation ensures
that the magnetic field in the interior of a superconductor is zero whatever the initial condi-
tions. In addition to the second London equation 2.27, the current density j and themagnetic
field B are connected by the following Maxwell equation:

curl B = 𝜇0j (2.34)

Combining Equations 2.27 and 2.34 leads to

curl curl B = 𝜇0 curl j = − 1

𝜆
2
Lo

B. (2.35)

Taking into consideration that ∇ ⋅ B = 0, the following differential equation results for the
magnetic field:

∇2B = 1

𝜆
2
Lo

B (2.36)

Using Equation 2.36, the field distribution in a semi-infinite superconductor will be cal-
culated. Assuming that the magnetic field is applied along the z direction, Equation 2.36
reduces to

d2B(x)
dx2

− 1

𝜆
2
Lo

B(x) = 0 (2.37)

A solution of (2.37) is

B(x) = B(0) exp
(
− x
𝜆Lo

)
(2.38)

Thus, the magnetic field decays exponentially within the surface layer of the superconduc-
tor with a characteristic length 𝜆Lo, called the London penetration depth. Equation 2.31
indicates that 𝜆Lo is proportional to n–1∕2C . The penetration depth increases rapidly in the
vicinity of Tc (see Equation 2.24). This is a consequence of the decreasing number density
of Cooper pairs at temperatures near Tc. Figure 2.16 shows the exponential decay of the
magnetic field in the surface layer of a semi-infinite superconductor. It may be remarked
that the decay of the magnetic field in real superconductors deviates considerably from the
exponential law given by Equation 2.38.
A more general definition of the penetration depth is

𝜆L = 1
B(0) ∫

∞

0
B(x) dx (2.39)

Measured values of the penetration depth 𝜆L are typically a factor of two larger than the
values predicted by the London theory [7].
Finally, field penetration in a thin superconducting slab will be considered. The magnetic

field B is again applied along the z direction; the width of the slab is 2a. This situation
is described by Equation 2.37. In contrast to the case of a semi-infinite superconductor,
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Figure 2.16 Exponential decay of an applied magnetic field in the surface layer of a
semi-infinite superconductor (Reprinted from “High-Temperature Superconductors: Materi-
als, Properties, and Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN
0-7923-8386-9, Figure 2-36, p. 54with kind permission from Springer Science+BusinessMedia
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both linearly independent solutions of this equation are required for the slab geometry. The
general solution is

B(x) = B1 exp

(
− x
𝜆Lo

)
+ B2 exp

(
x
𝜆Lo

)
(2.40)

where the constants B1 and B2 depend on the boundary conditions. Taking into account
that for the slab B(–a) = B(a) = B0, the following solution results:

B(x) = B0

cosh x
𝜆Lo

cosh a
𝜆Lo

(2.41)

Figure 2.17 shows calculated field profiles for selected values of the slab thickness 2a.
Even in the center of a thin superconducting slab, a considerable magnetic field is present.
The field in the center reaches the values of 0.887B0, 0.648B0, and 0.266B0 for the slabs
of thicknesses 𝜆Lo, 2𝜆Lo, and 4𝜆Lo, respectively.
Using Equation 2.34, the resulting screening current densities js(x) can be calculated

js(x) = − 1
𝜇0

dBz(x)
dx

= −
B0 sinh

x
𝜆Lo

𝜇0𝜆Lo cosh
a
𝜆Lo

(2.42)
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Figure 2.17 Field profiles in thin superconducting slabs with widths 2a of 𝜆Lo, 2𝜆Lo, and 4𝜆Lo.
Even at the center of thin slabs a considerable magnetic field is present (Reprinted from “High-
Temperature Superconductors: Materials, Properties, and Applications” by Rainer Wesche,
Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-37, p. 55 with kind permis-
sion from Springer Science+Business Media B.V.)

The screening currents flow in the y direction. The maximum screening current density js0
at the surface of the slab is

js0 =
B0

𝜇0𝜆Lo
tanh

a
𝜆Lo

. (2.43)

Inserting js0 into Equation 2.42 leads to

js(x) = −js0
sinh x

𝜆Lo

sinh a
𝜆Lo

(2.44)

The sign in Equation 2.44 gives the direction of the screening currents: a positive sign
corresponds to a current in the +y direction. Figure 2.18 shows the resulting screening
current densities in superconducting slabs with widths 2a of 𝜆Lo, 2𝜆Lo, and 4𝜆Lo.

2.5 Thermodynamics of Superconductors6

In this section, the laws of thermodynamics will be used to gain deeper insights into the
properties of the superconducting state. First, the temperature behavior of the specific heat
Cn(T) in the normal state will be briefly described. The specific heat Cn(T) will then be
used to derive expressions for the Gibbs free energy and the entropy of normal conduc-
tors. The phonon contribution CPh to the specific heat can be well described by the Debye
approximation [1]

CPh = 9NkB

(
T
𝜃D

)3

∫
xD

0

x4 exp x

(exp x − 1)2
dx (2.45)

6 Reprinted with minor changes from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, pp. 56–65 with kind permission from Springer
Science+Business Media B.V.
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Properties, and Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN
0-7923-8386-9, Figure 2-38, p. 55 with kind permission from Springer Science+Business
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where N is the number of atoms in the solid, kB is Boltzmann’s constant, 𝜃D is the Debye
temperature, and xD = 𝜃D ∕T . The Debye temperature 𝜃D is connected to the Debye fre-
quency 𝜔D by

𝜃D =
ℏ𝜔D

kB
(2.46)

Figure 2.19 shows the phonon-specific heat CPh as a function of temperature. Well above
the Debye temperature 𝜃D, the specific heat CPh reaches the classical value of 3R, where
R = NA kB (NA = 6.023 × 1023) is the gas constant. On the other hand, the phonon con-
tribution is proportional to T3 for temperatures below 0.1𝜃D. At low temperatures, the
phonon-specific heat is found from Equation 2.45 to be [1]

CPh = 234NkB

(
T
𝜃D

)3

(2.47)

In addition to the phonons, the free electron gas contributes to the specific heat of a
conductor. However, this contribution is typically less than 1% of the phonon-specific heat
at room temperature. As a consequence of Pauli’s exclusion principle, thermal excitation
is limited to those electrons that can reach empty energy states above the Fermi energy EF
(see Figures 2.2 and 2.3). Therefore, only a small fraction kBT∕EF of the free electrons
contribute to the specific heat of a conductor in the normal state. The electron-specific heat
Cel can be written as [1]

Cel =
1
3
𝜋
2D(EF)k2BT (2.48)

where D(EF) is the density of states at the Fermi energy. At low temperatures T ≪ 𝜃D, the
specific heat of a conductor in the normal state can be written as

Cn = 𝛾 T + APhT
3 (2.49)
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Figure 2.19 Phonon-specific heat CPh according to the Debye approximation (Reprinted
from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
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where APh = 234R∕θ3D. Because of the rapidly declining phonon-specific heat
CPh = APhT

3, the electron-specific heat Cel = 𝛾 T is the dominating contribution to
the specific heat at sufficiently low temperatures. Equation 2.49 can be rewritten as

Cn

T
= 𝛾 + APhT

2 (2.50)

Figure 2.20 shows Cn ∕T versus T2 for selected conductors in the normal state. The
phonon contributions APh correspond to the slopes of the straight lines. The 𝛾-values for
the electron-specific heat are given by the intercepts at T = 0.
Next, the Gibbs free energy will be used to describe the thermodynamics of the normal

and the superconducting state. The Gibbs free energy is given by [32]

G = U − TS + pV −m ⋅ B (2.51)

where U is the internal energy, S is the entropy, p is the pressure, V is the volume, m is
the magnetic moment, and B is the applied magnetic field. The differential of the internal
energy is [32]

dU = TdS − pdV + B ⋅ dm (2.52)

The resulting differential for the Gibbs free energy is [32]

dG = −SdT + Vdp −m ⋅ dB (2.53)

The independent variables are the temperature T , the pressure p, and the magnetic field
B, which can be easily controlled in an experiment. Because the changes in volume are
typically very small for solids, their specific heats at constant pressure Cp and at constant
volume CV are not very different. For the thermodynamically stable phase, the Gibbs free
energy reaches a minimum.
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At the transition temperature Tc, the superconducting and normal phases coexist, and the
Gibbs free energies of both are equal. The entropy S and the specific heat C are related by
the second law of thermodynamics

dS = CdT
T

(2.54)

Using Equations 2.49 and 2.54, the normal state entropy Sn can be derived:

Sn = ∫
T

0

𝛾T + APhT
3

T
dT = 𝛾T + 1

3
APhT

3 (2.55)

TheGibbs free energy at constant pressure can be found by the integration of Equation 2.53.
As a consequence of the third law of thermodynamics, the entropy S0 at T = 0 is zero
independent of the volume and the pressure. The resulting Gibbs free energy for the normal
state is

Gn = − 𝛾
2
T2 − 1

12
APhT

4 (2.56)

In the presence of a homogeneous magnetic field, the term m ⋅ dB in Equation 2.53 con-
tributes to the Gibbs free energy. In a long cylindrical rod, demagnetization effects can be
neglected and the magnetic moment m is given by

m = MV (2.57)

where M is the magnetization and V is the volume of the rod. The magnetization can be
written as

M = 𝜒
B
𝜇0

= (𝜇r − 1) B
𝜇0

(2.58)
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where 𝜒 is the magnetic susceptibility and 𝜇r is the relative permeability. Because 𝜇r is
close to unity for nonferromagnetic metals, the magnetic energy m ⋅ dB can be neglected
for the normal state; it is important in the superconducting state. Because of perfect dia-
magnetism 𝜒 = –1 in the superconducting state.
For constant pressure and temperature, Equation 2.53 reduces to

dG = −m ⋅ dB (2.59)

Using Equation 2.59, the field dependence of the Gibbs free energy in the superconducting
state can be derived. The following expression for the difference of the Gibbs free energies
with and without the applied magnetic field is obtained

Gs(T ,B) − Gs(T , 0) = −∫
B

0
m ⋅ dB (2.60)

where m = 𝜒BV∕𝜇
0
= –BV∕𝜇

0
. The resulting difference of the Gibbs free energies is

Gs(T ,B) − Gs(T , 0) =
B2V
2𝜇0

(2.61)

where B ≤ Bc(T ) is the applied magnetic field. Obviously, the magnetic energy is indepen-
dent of the temperature. At a certain temperature T < Tc, the maximum possible magnetic
energy is reached for B = Bc(T). Furthermore, the Gibbs free energies of both the nor-
mal and superconducting states are equal at the phase transition. The Gibbs free energy of
the normal state is considered to be independent of the applied magnetic field B. Neglect-
ing the very small change in volume at the phase transition, the difference of the Gibbs
free energies of the normal and the superconducting state at the zero applied field can be
expressed as

Gn(T) −Gs(T) =
B2
c(T) V
2𝜇0

(2.62)

Figure 2.21 shows the Gibbs free energies of both the superconducting and the normal state
as functions of temperature. Using Equations 2.60 and 2.62, and the expression Bc(T ) =
Bc(0)(1–(T∕Tc)2) (Equation 2.25), the Gibbs free energy of the superconducting state can
be calculated. In the presence of an applied magnetic field B, the difference of the Gibbs
free energies is

Gn(T ,B) −Gs(T ,B) =
V
2𝜇0

(B2
c(T) − B2) (2.63)

The entropy difference between the normal and superconducting states can be found by
differentiating the Gibbs free energy at the constant applied field.

S = −dG∕dT (2.64)

Combining Equations 2.63 and 2.64, the following expression for the entropy difference is
obtained:

Ss(T) − Sn(T) =
VBc(T)
𝜇0

dBc

dT
(2.65)

Figure 2.22 shows the entropies of the normal and superconducting states as functions of
temperature for the zero applied field. The curves shown in Figure 2.22 were calculated
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Figure 2.21 Gibbs free energies of the superconducting and the normal states versus temper-
ature for the zero applied field (Reprinted from “High-Temperature Superconductors: Mate-
rials, Properties, and Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998,
ISBN 0-7923-8386-9, Figure 2-41, p. 62 with kind permission from Springer Science+Business
Media B.V.)

using Equations 2.25, 2.55, and 2.65. At the critical temperature Tc, the critical field Bc is
zero. Thus, the entropies of the superconducting and normal states are equal at the transi-
tion, and no latent heat is released at the phase transition for B = 0. This behavior is the
characteristic of a second-order phase transition. On the other hand, the critical tempera-
ture Tc(B) in the presence of an applied magnetic field is lower than Tc(0). The resulting
jump in the entropy for B ≠ 0 releases latent heat at the transition. Thus, the transition from
the normal to the superconducting state is of first order in the presence of an applied mag-
netic field. The entropy of the superconducting state is lower than that of the normal state,
in agreement with the microscopic theory of superconductivity. Due to the formation of
Cooper pairs, there exists a higher degree of order in the superconducting state.
Next, an expression for the specific heat Cs in the superconducting state will be derived.

The specific heat C and the entropy S are connected by the expression

C = T
𝜕S
𝜕T

(2.66)

where B is held constant. Using Equation 2.65, the difference of the specific heats in the
superconducting and normal state can be written as

Cs − Cn =
VT
𝜇0

((
𝜕Bc

𝜕T

)2

+ Bc
𝜕
2Bc

𝜕T2

)
(2.67)

Using Equation 2.25, the following expression is obtained:

Cs − Cn =
2V
𝜇0

Bc(0)2
(
3T2

T2
c

− 1

)
T

T2
c

(2.68)

Figure 2.23 shows the specific heats of the superconducting and normal states as functions
of temperature, calculated from Equations 2.49 and 2.68. Using Equation 2.67 and taking
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Temperature Superconductors: Materials, Properties, and Applications” by Rainer Wesche,
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into consideration that Bc(Tc) = 0, the following expression for the jump in the specific
heat at the transition temperature Tc results:

Cs − Cn =
VTc
𝜇0

(
𝜕Bc

𝜕T

)2

T=Tc
(2.69)

Equation 2.69 is known as Rutger’s formula. The Bardeen, Cooper, and Schrieffer (BCS)
theory predicts for the jump in the electronic-specific heat [33]

Cse − Cne

Cne
=

Cse − 𝛾 T
𝛾 T

= 1.52 (2.70)

The normal-state-specific heat Cne can be determined experimentally by applying a mag-
netic field B > Bc to the superconductor. Equation 2.68 indicates that the specific heats of
the two states are equal for T = Tc ∕

√
3 (see Figure 2.23). Below this temperature, the

specific heat in the normal state is larger than in the superconducting state.
So far, only the effects of temperature and the magnetic field on the free energy of the

superconducting state have been taken into account. However, the transition temperature
Tc and the critical field depend also on the applied pressure. Negative pressure derivatives
of the critical temperature dTc ∕dp are related to a decreasing critical field Bc under
the applied pressure. At the transition from the normal to the superconducting state,
very small changes in the sample volume occur [32, 34], which contribute to the Gibbs
free energy. The application of hydrostatic pressure allows the study of the effects of a
continuous variation of the lattice constants on the superconducting properties. According
to Equation 3.8 (Chapter 3), the critical temperature of a superconductor obeying the
BCS theory depends on the Debye temperature 𝜃D, the density of states Dn(EF) at the
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Fermi energy EF and the electron–phonon interaction parameter Vp. Pressure experiments,
therefore, shed some light on the interplay of the lattice constants and these metal
properties. Figure 2.24 shows normalized critical temperatures versus applied pressure for
indium and the high-temperature superconductor (La,Ba)2CuO4+𝛿 . An applied pressure of
10 kbar causes a 10% reduction of the critical temperature of indium. On the other hand,
the critical temperature of (La,Ba)2CuO4+𝛿 is remarkably enhanced under the applied
pressure. A similar effect can be achieved by a chemical pressure. Large ions can be
replaced by smaller ions, and as a consequence, the lattice constants are reduced. The
observed pressure dependence of the critical temperature of (La,Ba)2CuO4+𝛿 led Chu and
collaborators to the idea of replacing the large lanthanum ions by smaller yttrium ions. In
this way the Y–Ba–Cu–O system with a transition temperature Tc of 93K was discovered
[37]. The investigation of pressure effects may, therefore, be a useful tool in the search for
new superconducting materials with higher transition temperatures.
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3
Superconductivity: A Macroscopic

Quantum Phenomenon

3.1 Introduction

In Chapter 2, the phenomenology of the superconducting state was considered. The micro-
scopic causes of superconductivity in simple metals will be briefly described in this chapter.
In 1957, a microscopic quantum theory of superconductivity was proposed by Bardeen,
Cooper, and Schrieffer [1, 2], which is now well known as the BCS theory. In this the-
ory, the electron–phonon interaction is responsible for the formation of the Cooper pairs.
It seems to be unlikely that the very high transition temperatures in the cuprate supercon-
ductors can be explained in this way. While a derivation of the BCS theory is beyond the
scope of this book, some fundamental ideas and results will be presented. A more detailed
description can be found in Ref. [3].
An important aspect of the development of the BCS theory [1, 2] was the idea of

F. London that superconductivity is a macroscopic quantum phenomenon. Cooper-pair
tunneling and quantum interference effects in Josephson junctions (see Section 3.3) are
consequences of the macroscopic quantum nature of superconductivity.

3.2 BCS Theory of Superconductivity1

A breakthrough toward a microscopic theory of superconductivity was the discovery that
the interaction of two electrons via lattice vibrations (phonons) can lead to attraction
between the two electrons. This theoretical result was found independently of each
other by Fröhlich [4] and Bardeen [5]. The electron–phonon interaction is schematically

1 Reprinted with minor changes from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, pp. 24–33, ISBN 0-7923-8386-9, with kind permission from Springer
Science+Business Media B.V.

Physical Properties of High-Temperature Superconductors, First Edition. Rainer Wesche.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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Virtual Phonon

q

p2p1′

p2′p1

Figure 3.1 Interaction of two electrons via the exchange of a virtual phonon (Reprinted
from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-16, p. 25 with
kind permission from Springer Science+Business Media B.V.)

illustrated in Figure 3.1. In this process two electrons exchange a virtual phonon, which
exists only for a very short time, and which can be emitted only in the presence of a
second electron ready to absorb it. In Figure 3.1, p𝟏, p𝟐 and p𝟏

′
, p𝟐

′ are the momenta of
the two electrons before and after the exchange of the virtual phonon, respectively. The
momentum q of the phonon is

|q| = h𝜈p
cs

(3.1)

where h is Planck’s quantum, 𝜈p the frequency of the phonon, and cs the velocity of sound.
Equation 3.1 is analogous to the expression for the momentum of a photon. In the exchange
momentum is conserved:

p𝟏 + p𝟐 = p1
′ + p2

′ (3.2)

where p𝟏
′ = p𝟏 − q and p𝟐

′ = p𝟐 + q. Furthermore, energy is conserved for the initial and
final states. However, during the short period of time in which the virtual phonon exists, the
energy of the system may be different from that of the initial state. This is a consequence of
the uncertainty principle ΔEΔt ≅ ℏ between energy and time. Short interaction times are
connected with large energy uncertainties. If the energy difference between the initial and
the intermediate states is smaller than h𝜈p, the electron–phonon interaction is attractive.
This can be understood as a consequence of the polarization of the lattice by the other elec-
tron. The concentration of positive charges produced by the first electron allows a reduction
of the potential energy of the second electron. Due to this attractive interaction, electrons
with opposite momenta and spins form so-called Cooper pairs in a conventional supercon-
ductor. The electron–phonon interaction is typically effective over a distance of ∼ 1 μm,
which may be considered as the spatial extent 𝜉Co of a Cooper pair. For tin, 𝜉Co = 180 nm,
nC = 7.5 × 1022 cm−3, which leads to 4.35 × 108 Cooper pairs present within a volume
𝜉Co

3. The following pair correlation is valid for the two electrons in a Cooper pair:

p𝟏 = −p𝟐 (3.3)

s𝟏 = −s𝟐 (3.4)
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Thus, the momentum and spin of a Cooper pair are both zero. The Cooper pairs have to be
considered as new particles. Because their spin is zero, they do not obey Pauli’s exclusion
principle. Further, the occupation of energy states is described by the Bose–Einstein distri-
bution law. The probability that a state is occupied increases with the number of particles
populating the same quantum state. This behavior may be considered as a kind of anti-Pauli
principle. Because they occupy the same quantum state, all Cooper pairs have the same
momentum in the presence of an applied electric field. Thus, only scattering processes that
break up a Cooper pair result in a change of momentum. Resistance occurs as soon as
the energy taken from the electric field exceeds the binding energy of the Cooper pairs.
This corresponds to the existence of a critical current density. The electron–phonon inter-
action leads to an energy gap of a few meV in the density of states for the single electrons.
Figure 3.2 shows the density of states for the quasiparticles (single electrons) in the super-
conducting state around the Fermi energy. The energy states present in the normal state
within the energy gap are shifted to the edges. Therefore, the density of states is strongly
enhanced at the edges of the energy gap. The BCS expression for the single-electron density
of states Ds(E − EF) in a superconductor in the vicinity of the Fermi energy is

Ds(E − EF) = Dn(EF)
|E − EF|√

(E − EF)2 − Δ2
(3.5)

where ∣ E − EF ∣≥ Δ andΔ is the half width of the energy gap. The variation of the density
of states Dn(E) in the normal state can be neglected because EF >> 2Δ.
Figure 3.3 shows the temperature dependence of the energy gap given by the BCS the-

ory. At temperatures below 0.6Tc, the width of the energy gap depends only weakly on

EF

2Δ

Dn(EF)

D
(E

)

E

Figure 3.2 Energy gap and density of states for single electrons (quasiparticles) in the
superconducting state around the Fermi energy EF (Reprinted from “High-Temperature Super-
conductors: Materials, Properties, and Applications” by Rainer Wesche, Kluwer Academic
Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-17, p. 27 with kind permission from Springer
Science+Business Media B.V.)
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Figure 3.3 Temperature dependence of the energy gap as given by the BCS theory
(Reprinted from “High-Temperature Superconductors:Materials, Properties, and Applications”
by RainerWesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-18, p. 27
with kind permission from Springer Science+Business Media B.V.)

temperature. Near the critical temperature, the half width of the energy gap is approxi-
mately [2]

Δ(T) = 3.2kB Tc (1 − T∕Tc)1∕2 (3.6)

where kB is Boltzmann’s constant.
An important prediction of the BCS theory is that the width of the energy gap 2Δ(0) is

closely connected to the transition temperature Tc:

2Δ(0) = 3.5kBTc (3.7)

Figure 3.4 shows the width of the energy gap 2Δ(0) versus kBTc for various superconduct-
ing elements. The solid line corresponds to the ratio 2Δ(0)∕kBTc = 3.5 predicted from the
BCS theory. Experimentally determined values of this ratio are typically between 3.2 and
4.6 for superconducting elements [3].
In addition, the BCS theory allows us to calculate the transition temperature Tc. Assum-

ing that the attractive electron–phonon interaction can be described by the constant Vp, we
obtain the following expression for the critical temperature Tc [2]:

Tc = 1.14
ℏ𝜔D

kB
exp

(
−1

Dn

(
EF

)
Vp

)
(3.8)

where 𝜔D is the Debye frequency and Dn(EF) is the density of states in the normal state
at the Fermi energy EF . Equation 3.8 is valid for Dn(EF)Vp << 1 (weak coupling limit).
In more sophisticated expressions for the critical temperature Tc, the expression Dn(EF)Vp
is replaced by the difference between the dimensionless parameters 𝜆ep and 𝜇∗, which
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Figure 3.4 Width of the energy gap 2Δ(0) versus kBTc for various superconducting elements.
The solid line corresponds to the ratio of 2Δ(0)/kBTc = 3.5 predicted by the BCS theory (data
from [3]) (Reprinted from “High-Temperature Superconductors: Materials, Properties, and
Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9,
Figure 2-20, p. 29 with kind permission from Springer Science+Business Media B.V.)

characterize the electron–phonon coupling and the screened Coulomb interaction, respec-
tively [3]

Tc = 1.14
ℏ𝜔D

kB
exp

(
−1

𝜆ep − 𝜇∗c

)
(3.9)

The dimensionless electron–phonon coupling constant 𝜆ep is defined as [3]

𝜆ep = 2∫
∞

0

𝛼
2(𝜔)Dph(𝜔)

𝜔
d𝜔 (3.10)

where 𝛼2(𝜔) is the electron–phonon coupling strength and Dph(𝜔) the phonon density of
states. Depending on the magnitude of 𝜆ep, the superconductors are characterized as

𝜆
ep
<< 1 weak coupling

𝜆
ep
≈ 1 intermediate coupling

𝜆
ep
>> 1 strong coupling (3.11)

Equations 3.8 and 3.9 indicate that the critical temperature Tc is proportional to the Debye
frequency 𝜔D, the cutoff frequency of the phonon spectrum in a solid. The atoms in a solid
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Figure 3.5 Isotope effect for mercury (data from [6, 7]) (Reprinted from “High-Temperature
Superconductors: Materials, Properties, and Applications” by Rainer Wesche, Kluwer Aca-
demic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-21, p. 30 with kind permission from
Springer Science+Business Media B.V.)

may be considered as harmonic oscillators of frequency 𝜔 = (ke∕M)1∕2, where the elastic
constant ke results from the binding forces in the solid and is expected to be independent of
the isotopic massM. Therefore, both the Debye frequency 𝜔D and the critical temperature
Tc should be proportional to M−1∕2 for different isotopes of the same element. In many
superconductors, this isotope effect has been observed [6–9]. Figure 3.5 shows the Tc values
for differentmercury isotopes as a function ofM−1∕2, showing good agreement with anM−𝛽

dependence where 𝛽 = 0.5.
Figure 3.6 shows 𝛽-values of selected superconductors. As expected from Equation 3.8,

the exponent 𝛽 is close to 0.5 for many simple metals. Only for the transition metals have
considerable deviations from 𝛽 = 0.5 been found. In spite of a missing or reduced isotope
effect for the transition metals, the electron–phonon interaction is responsible for super-
conductivity in these materials [8].

Next, it will be shown that superconductivity is a macroscopic quantum phenomenon. In
the superconducting state, electrons with opposite spins and momenta form Cooper pairs.
Because their total spin is zero, the Cooper pairs are not restricted by Pauli’s exclusion
principle; all can populate the same quantum state. The collective wave function for the
Cooper pairs is

𝜓 = n1∕2C exp(i𝜑(r)) (3.12)

where nC is their number density. It then follows that nC = 𝜓
∗
𝜓 . Because the phase coher-

ence of the Cooper pairs is effective for large distances, the phase𝜑(r) of the wave function
given by Equation 3.12 is a macroscopically observable quantity. The momentum of a
Cooper pair in the presence of a magnetic field is

p = (mCv + qCA) (3.13)
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Figure 3.6 Exponent 𝛽 for selected superconductors (data from [8]) (Reprinted from “High-
Temperature Superconductors: Materials, Properties, and Applications” by Rainer Wesche,
Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-22, p. 31 with kind permis-
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where A is the vector potential, v the velocity, qC the charge, and mC the mass of a Cooper
pair. The magnetic field B and the vector potential A are connected by

B = curl A (3.14)

In quantum physics, the momentum p = mv has to be replaced by the operator −iℏ∇; the
following expression results for the current density j:

j = qC𝜓
∗v𝜓 =

nC qC
mC

(ℏ∇𝜑(r) − qCA) (3.15)

From Equation 3.15, we obtain

ℏ∇𝜑(r) = qC

(
A +

mC

nC qC2
j
)

(3.16)

The phase shift for a closed path C is

∮C
∇𝜑(r)dr = 2𝜋N

𝜙
(3.17)

where N
𝜙
must be an integer as a consequence of the definiteness of the macroscopi-

cally observable phase 𝜑(r). Combining Equations 3.16 and 3.17 leads to the following
expression:

∮C

(
A +

mC

nC qC2
j
)
dr = 2𝜋ℏ

qC
N
𝜙

(3.18)
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The quantity on the left-hand side of Equation 3.18 is called a fluxoid. Using Stokes’
theorem, the following condition is obtained for the magnetic flux 𝜙:

∮C
Adr = ∫F

curl AdF = ∫F
BdF = 𝜙 (3.19)

where F is a surface defined by the contour C. For a closed path in the interior of the
superconductor, j and B are zero because of the Meissner effect, and for the magnetic flux,

𝜙 = ∫F
BdF = h

qC
N
𝜙

(3.20)

Equation 3.20 indicates that the magnetic flux is quantized in units of 𝜙0 = h∕qC, where
𝜙0 is called a flux quantum. In principle, the supercurrents flowing near the surface of the
superconductor also contribute to the magnetic flux 𝜙; however, this is typically only a
small correction.
In 1961, two groups of researchers [10, 11] showed experimentally that magnetic flux is

quantized. For these experiments, very small superconducting hollow cylinders were pre-
pared by coating a nonsuperconducting material. The total flux trapped in such cylinders is
always a discrete number of flux quanta irrespective of the value of the applied field used
to establish the persistent currents. The trapped flux was measured in different ways. Doll
and Näbauer [10] connected a torsion wire orthogonal to the cylinder axis of their sam-
ple. A second external field was used to establish a torsional vibration. In the experiment
of Deaver and Fairbank [11], the cylinder was moving up and down with a frequency of
100Hz. Two small pick-up coils were used to determine the magnetic flux trapped in the
superconducting cylinder. The experimental results indicate that qC = 2e as expected for
Cooper pairs. Thus, the flux quantum 𝜙0 has a value of 2.068 × 10−15 V s.

3.3 Tunneling Effects2

Tunneling, or barrier penetration, is a quantum mechanical process. Based on classical
mechanics, a particle could pass through a potential barrier only if the kinetic energy E
is larger than the height Eb of the barrier; otherwise it would be reflected. However, this
classical picture is not correct because of the wave-like nature of the electron. The tunneling
of electrons through a thin potential barrier is schematically illustrated in Figure 3.7. The
wavelength of an electron with momentum p = mv is

𝜆e =
h
p

(3.21)

where h is Planck’s constant. This is the fundamental de Broglie relationship. The result-
ing wave functions for electrons traveling from left to right are also shown in Figure 3.7
(bottom). Within the barrier the wave function is

𝜓2(x) = C exp(k′x) +D exp(−k′x) (3.22)

2 Reprinted with minor changes from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, pp. 34–51, ISBN 0-7923-8386-9, with kind permission from Springer
Science+Business Media B.V.
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Figure 3.7 Illustration of electron tunneling through a sufficiently thin potential barrier. The
electron wave functions (bottom) indicate that a few electrons are able to pass through the
barrier (Reprinted from “High-Temperature Superconductors: Materials, Properties, and Appli-
cations” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure
2-24, p. 35 with kind permission from Springer Science+Business Media B.V.)

where
k′ = [2m(Eb − E)]1∕2∕ℏ (3.23)

The constantsC andD depend on the boundary conditions. The wave function𝜓2(x) decays
nearly exponentially within the potential barrier. There exists a small but finite probability
that electrons can pass through a thin potential barrier.
We now discuss single-electron tunneling between two normal conductors separated by

a thin insulating oxide layer. The thickness of the oxide layer is typically less than 2 nm.
Figure 3.8 shows the experimental setup for the measurement of the tunneling currents. In
tunneling processes energy must be conserved. Moreover, tunneling can take place only
if empty target energy states are available; otherwise the process is forbidden by the Pauli
principle. The tunneling current is therefore proportional to both the number of incident
electrons and the number of empty target states. Figure 3.9 shows the density of statesD(E)
and their occupation at zero temperature, for two normal conductors. Applying a voltage
U1 leads to a difference eU1 between the Fermi energies of the two metals; electrons can
flow from left to right (see Figure 3.9). The resulting current voltage characteristic of the
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Figure 3.8 Tunneling contact of two metals separated by a thin oxide layer (Reprinted
from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-25, p. 35 with
kind permission from Springer Science+Business Media B.V.)
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Figure 3.9 Density of states for normal metals. The states in the hatched areas are occupied at
T = 0 (left). The applied voltage leads to a difference eU1 in the Fermi energies. The resulting
N-I-N current–voltage characteristic is shown on the right (Reprinted from “High-Temper-
ature Superconductors: Materials, Properties, and Applications” by Rainer Wesche, Kluwer
Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-26, p. 37 with kind permission
from Springer Science+Business Media B.V.)
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normal–insulator–normal (N-I-N) tunneling junction is also shown in Figure 3.9 (right)
and will be discussed below.
The net tunneling current through the contact shown in Figure 3.8 is

I = e ( jAB − jBA)At (3.24)

where At is the cross-sectional area of the contact and e the electron charge. The number
densities of electrons flowing from A→B and B→A are jAB and jBA, respectively. Because
their charge is negative, the current flows in the opposite direction to the electrons. The
number densities jAB and jBA are proportional to the probability Pt of electron tunneling
through the barrier. The resulting number density jAB of electrons flowing from A→B is

jAB = ∫ PtDA(E′) f (E′)DB(E′ − eU1) (1 − f (E′ − eU1))dE′ (3.25)

whereDA(E′) andDB(E′) are the densities of states and E′ = E − EF. The number of occu-
pied energy states in metal A is proportional to the Fermi function f (E′), whereas the
number of empty energy states in metal B is proportional to (1 − f (E′ − eU1)). The corre-
sponding number density of electrons passing through the barrier in the reverse direction is

jBA = ∫ PtDB(E′ − eU1) f (E′ − eU1)DA(E′) (1 − f (E′))dE′ (3.26)

The resulting net number density j = jAB − jBA of electrons passing through the barrier is

j = ∫ PtDA(E′)DB(E′ − eU1) (f (E′) − f (E′ − eU1))dE′ (3.27)

By inserting E′ = E − EF in Equation 2.12 (Chapter 2), the following expression for the
density of states is obtained:

D(E′) = D(0) (EF + E′)1∕2∕E1∕2
F (3.28)

Generally, the energy shifts connected with the relatively small tunneling voltages aremuch
smaller than the Fermi energy EF and as a consequence

D(E′) ≅ D(0) (3.29)

The Fermi function given in Equation 2.6 (Chapter 2) can be written as

f (E′) = 1
exp(E′∕kBT) + 1

(3.30)

In Equation 3.27, the difference of the Fermi functions at T = 0 is

f (E′) − f (E′ − eU1) = 1 for 0 ≤ |E′| ≤ |eU1|
f (E′) − f (E′ − eU1) = 0 for |E′| ≥ |eU1| (3.31)

For the polarity considered in Figure 3.9, E′ and eU1 are negative. Using Equations 3.27,
3.29, and 3.31 and taking into consideration that the probability Pt for electron tunneling
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through the barrier is typically independent of the applied voltage, we obtain the following
expression for the net number density j of electrons passing through the junction:

j = PtDA(0)DB(0)∫
0

eU1

dE′ = −eU1Pt DA(0)DB(0) (3.32)

where −eU1 > 0. Equation 3.32 indicates that the N-I-N tunneling current is proportional
to the applied voltage, as shown in Figure 3.9 (right).
We now consider the tunneling of single electrons in the case of normal–insulator–

superconductor (N-I-S) and superconductor–insulator–superconductor (S-I-S) junctions.
Tunneling experiments allow the measurement of the energy gap of superconductors
[12–14]. In 1960 this method was first used by I. Giaever to determine the energy gap
in lead [12]. Figure 3.10 shows the N-I-S tunneling process in a Bose condensation
representation. Because their total spin is zero, the Cooper pairs do not obey Pauli’s
exclusion principle. As a consequence, all Cooper pairs populate the same quantum state
at the Fermi energy EF. The Fermi energy of a superconductor connected to the positive
pole of a battery is shifted to lower values. For a voltage of U = Δ∕e, the empty energy
states of the superconductor above the energy gap reach the same level as the Fermi
energy of the normal conductor, and strong tunneling sets in. On the other hand, for a
voltage U = −Δ∕e, pair breaking becomes possible. One of the electrons tunnels into the
normal conductor and gains an energy Δ. This energy Δ is available for the excitation of
the second electron to an empty state above the energy gap. Thus, energy is conserved in
this process.
In the following section, a quantitative description of the N-I-S tunneling process will

be given. Assuming that U = −Δ∕e (see Figure 3.10, right), the net number density of
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Figure 3.10 Bose condensation representation of the N-I-S tunneling process. Strong tun-
neling sets in for U ≥ |Δ∕e| (Reprinted from “High-Temperature Superconductors: Materials,
Properties, and Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN
0-7923-8386-9, Figure 2-27, p. 38 with kind permission from Springer Science+Business
Media B.V.)
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electrons flowing through the barrier is

j = jBA − jAB = ∫ PtDAn(E′ − eU)DBs(E′)(f (E′) − f (E′ − eU))dE′ (3.33)

where DAn(E′ − eU) ≅ DAn(0). From Equation 3.5, the density of states in the supercon-
ductor B is

DBs(E′) = DBn(0) |E′|∕√E′2 − Δ2 (3.34)

where |E′| > Δ. Inserting Equations 3.31 and 3.34 into Equation 3.33 and taking into con-
sideration that there are no energy states within the gap, the following expression for j is
obtained:

j = ∫
−Δ

eU
PtDAn(0)DBn(0)

|E′|√
E′2 − Δ2

dE′ (3.35)

Integration of Equation 3.35 leads to

j = −ePt DAn(0)DBn(0)
√

U2 −
(Δ
e

)2
(3.36)

where −e > 0, i.e., the electrons tunnel from B → A. A comparison of Equations 3.32
and 3.36 indicates that

INIS =
ININ
U

√
U2 −

(Δ
e

)2
(3.37)

The resulting N-I-S current–voltage characteristic at T = 0 and the semiconductor repre-
sentation of the tunneling process are shown in Figure 3.11.
Finally, single-electron tunneling between two identical superconductors is briefly

described. Figure 3.12 shows the Bose condensation representation of this S-I-S tunneling
process. Strong tunneling sets in at an applied voltage U ≥ |2Δ∕e|. This voltage is high
enough to allow the empty energy states above the gap of the first superconductor, and the
filled energy states below the gap of the second superconductor, to overlap; pair breaking
processes become possible. Figure 3.13 (bottom) shows the resulting current–voltage
characteristic of this S-I-S tunnel junction. At T = 0 the tunneling current increases
rapidly as soon as the voltage exceeds |2Δ∕e|. However, even at voltages well below|2Δ∕e|, a weak tunneling current is measured for temperatures T > 0. The reason for this
behavior is that a few electrons are thermally excited into states above the energy gap, as
shown in the semiconductor representation of the S-I-S tunneling process in Figure 3.13
(top). These few electrons populating states above the energy gap are responsible for a
weak tunneling current flowing at voltages below |2Δ∕e|.
So far, only single-electron tunneling has been considered. In 1962, B.D. Josephson

predicted theoretically that Cooper-pair tunneling through a very thin insulating layer is
possible [15, 16]. Figure 3.12 suggests that for U = 0 across the insulating layer Cooper
pairs can tunnel through the barrier. It is difficult to imagine Cooper-pair tunneling if we
consider the Cooper pairs as particles with a spatial extension 𝜉Co. However, this process
can be well understood as the tunneling of the wave function describing the collective of
the Cooper pairs. Figure 3.14 shows the Josephson DC current resulting from Cooper-pair
tunneling at zero voltage across the insulating layer. Below the critical current Ic of the
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Figure 3.11 Semiconductor representation of N-I-S tunneling (top) and the corresponding
current–voltage characteristic at T = 0 (bottom) (Reprinted from “High-Temperature Super-
conductors: Materials, Properties, and Applications” by Rainer Wesche, Kluwer Academic
Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-28, p. 40 with kind permission from Springer
Science+Business Media B.V.)
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Figure 3.12 Bose condensation representation of single-electron tunneling between two
identical superconductors. Strong tunneling sets in for U ≥ |2Δ∕e| (Reprinted from “High-
Temperature Superconductors: Materials, Properties, and Applications” by Rainer Wesche,
Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-29, p. 41 with kind permis-
sion from Springer Science+Business Media B.V.)
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Figure 3.13 Current–voltage characteristic of an S-I-S tunnel junction (bottom). Strong tun-
neling sets in for U ≥ |2Δ∕e|. The semiconductor representation of the S-I-S tunneling process
(top) shows that a few electrons are thermally excited into states above the gap at T > 0. These
electrons are responsible for the weak tunneling current observed at low voltages (Reprinted
from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-30, p. 42 with
kind permission from Springer Science+Business Media B.V.)

S-I-S junction, the Josephson current flows without resistance. As soon as the current
exceeds Ic, voltage and current jump to values on the current–voltage characteristic for
single-electron tunneling which is also shown in Figure 3.14. In the following section, a
quantitative description of the DC Josephson current will be given.
To calculate the DC Josephson current flowing between two superconductors A and

B separated by a thin oxide layer, the time-dependent Schrödinger equation has to be
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Figure 3.14 Josephson DC current resulting from Cooper-pair tunneling at zero voltage
across the oxide layer of the S-I-S junction. The corresponding current–voltage character-
istic for single-electron tunneling is also shown (Reprinted from “High-Temperature Super-
conductors: Materials, Properties, and Applications” by Rainer Wesche, Kluwer Academic
Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-31, p. 43 with kind permission from Springer
Science+Business Media B.V.)

applied to the wave functions of both Cooper-pair systems. The resulting Schrödinger
equations are

iℏ
𝜕𝜓A

𝜕t
= EA𝜓A + KCo𝜓B

iℏ
𝜕𝜓B

𝜕t
= EB𝜓B + KCo𝜓A

(3.38)

where KCo is the coupling constant describing the Cooper-pair tunneling through the insu-
lating barrier. The wave functions for the two systems of Cooper pairs can be written as

𝜓A = n1∕2CA e
i𝜑A and 𝜓B = n1∕2CB e

i𝜑B (3.39)

where nCA and nCB are the number densities of the Cooper pairs in the two superconductors.
The phase difference between the two wave functions is

𝛿 = 𝜑B − 𝜑A (3.40)

Inserting the wave functions 3.39 into Equation 3.38 leads to the following expressions:

1
2
n−1∕2CA ei𝜑A

𝜕nCA
𝜕t

+ in1∕2CA e
i𝜑A
𝜕𝜑A

𝜕t
= − i

ℏ
(E

A
n1∕2CA e

i𝜑A + KCo𝜓B) (3.41)

1
2
n−1∕2CB ei𝜑B

𝜕nCB
𝜕t

+ in1∕2CB e
i𝜑B
𝜕𝜑B

𝜕t
= − i

ℏ
(EBn

1∕2
CB e

i𝜑B + KCo𝜓A) (3.42)
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Multiplying Equation 3.41 by nCA
1∕2 exp(−i𝜑A), Equation 3.42 by nCB

1∕2 exp(−i𝜑B), and
using Equation 3.40, leads to

1
2

𝜕nCA
𝜕t

+ inCA
𝜕𝜑A

𝜕t
= − i

ℏ

(
nCAEA + KCo

(
nCAnCB

)1∕2
ei𝛿

)
(3.43)

1
2

𝜕nCB
𝜕t

+ inCB
𝜕𝜑B

𝜕t
= − i

ℏ

(
nCBEB + KCo

(
nCAnCB

)1∕2
e−i𝛿

)
(3.44)

The following expressions are obtained by separation of Equations 3.43 and 3.44 into real
and imaginary parts:

𝜕nCA
𝜕t

=
2KCo

ℏ
(nCAnCB)1∕2 sin 𝛿 = −

𝜕nCB
𝜕t

(3.45)

𝜕𝜑A

𝜕t
= − 1

ℏ

(
EA + KCo

(
nCB
nCA

)1∕2
cos 𝛿

)

𝜕𝜑B

𝜕t
= − 1

ℏ

(
EB + KCo

(
nCA
nCB

)1∕2
cos 𝛿

) (3.46)

The resulting DC current I through the contact is

I = 2|e|𝜕nCA
𝜕t

V (3.47)

where V is the volume of superconductor A. Using Equation 3.45, the following current
through the contact is obtained for two identical superconductors:

I =
4|e|KCo

ℏ
nCV sin 𝛿 = Ic sin 𝛿 (3.48)

where Ic is the critical current for the Josephson junction. The Josephson DC current
through the contact is between −Ic and Ic, depending on the phase difference 𝛿 of the two
Cooper-pair wave functions. This phase difference is time independent for zero voltage
across the insulating layer.
Applying a DC voltage U across the insulating layer of the Josephson junction causes

a time-dependent phase difference between the two Cooper-pair wave functions. For two
identical superconductors, from Equation 3.46, we obtain the following expression:

d
dt
(𝜑B − 𝜑A) =

1
ℏ
(EA − EB) (3.49)

An applied voltage U corresponds to an energy difference EA − EB = 2eU. The resulting
phase difference between the Cooper-pair wave functions is

𝛿(t) = 𝛿(0) + 2|e|U
ℏ

t (3.50)

where
𝜈J =

2|e|U
h

= U
𝜙0

(3.51)
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is the characteristic Josephson frequency. Using Equation 3.48 and taking into considera-
tion the time dependence of the phase difference 𝛿(t) between the two Cooper-pair wave
functions, the following expression for the Josephson AC current IAC is obtained:

IAC = Ic sin
(
2𝜋𝜈J t + 𝛿 (0)

)
(3.52)

The AC Josephson current IAC oscillates with a frequency 𝜈J = 483.6 MHz∕μV. The tun-
neling of a Cooper pair through the barrier is related to the emission or absorption of a
photon with an energy E = h𝜈J = 2|e|U. The AC Josephson current flows in addition to
the current resulting from single-electron tunneling. A more detailed description of the AC
Josephson effects can be found in reference [3].
Next, macroscopic quantum interference effects in Josephson junctions will be

discussed. These interference effects are closely connected to the phase shifts of the
Cooper-pair wave functions caused by an applied magnetic field. The situation considered
in the following calculations is illustrated in Figure 3.15. The magnetic field By(x) is
applied along the y-direction. A possible representation of the vector potential A within
the barrier is

Az(x) = −xBy(0) for |x| ≤ d∕2 (3.53)

Inside the two identical superconductors A and B, the magnetic field By(x) decays expo-
nentially. At a sufficiently large distance from the insulating layer, the magnetic field is zero
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Figure 3.15 S-I-S tunnel junction with a magnetic field applied along the y-direction (top)
and integration path for the determination of the phase difference of the two Cooper-pair wave
functions at an arbitrary point z1 (Reprinted from “High-Temperature Superconductors: Mate-
rials, Properties, and Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998,
ISBN 0-7923-8386-9, Figure 2-32, p. 46 with kind permission from Springer Science+Business
Media B.V.)
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and the vector potential reaches a constant value Ainf . Furthermore, the screening currents
are zero deep inside the superconductor.
Combining Equations 3.16–3.18, the following condition for the phase shift is found:

∮ ∇𝜑(l)dl = 2𝜋
𝜙0 ∮ A ⋅ dl (3.54)

The phase difference between the two Cooper-pair wave functions at a reference point z0
in the barrier (see Figure 3.15, bottom) is

𝜑0 = 𝜑(1) − 𝜑(1′) (3.55)

The phase difference at an arbitrary point z1 is

𝜑(z1) = 𝜑(4) − 𝜑(4′) (3.56)

This phase difference is determined by integration of the vector potential Az(x) along the
paths 1 → 4 and 1′ → 4′ indicated in Figure 3.15,

𝜑(z1) = 𝜑0 +
2𝜋
𝜙0

{
∫

4

1
A ⋅ d l−∫

4′

1′
A ⋅ d l

}
(3.57)

Because A ⋅ d l = 0 on the horizontal paths, only the vertical paths 2 → 3 and 2′ → 3′

contribute to the line integrals in Equation 3.57. The resulting phase difference of the
Cooper-pair wave functions for two identical superconductors is

𝜑(z1) = 𝜑0 +
2𝜋
𝜙0

2zAinf (3.58)

where z = z1 − z0. The total flux enclosed by the barrier is

𝜙 = ∮ A ⋅ d l = 2aAinf (3.59)

The total flux is approximately given by

𝜙 = a(d + 2𝜆L)By(0) (3.60)

where d is the thickness of the insulating layer and 𝜆L the penetration depth. Thus, the
phase difference of the two Cooper-pair wave functions can be written as

𝜑(z1) = 𝜑0 +
2𝜋𝜙
𝜙0

z
a

(3.61)

The applied magnetic field gives rise to a spatial variation of the phase difference 𝜑(z) of
the two Cooper-pair wave functions. Using Equation 3.61, the following expression for the
Josephson DC current is obtained:

I = bJc∫ sin𝜑(z)dz (3.62)
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Integration of Equation 3.62 gives

I = Ic sin𝜑0
sin𝜋𝜙∕𝜙0

𝜋𝜙∕𝜙0
(3.63)

where Ic = Jc ab. The phase shift 𝜑0 in Equation 3.63 is unknown. However, the maximum
Josephson DC current Imax is reached for sin𝜑0 = 1, corresponding to a phase difference
of 𝜋∕2.

Imax = Ic
||||
sin𝜋𝜙∕𝜙0

𝜋𝜙∕𝜙0

|||| (3.64)

Figure 3.16 shows the resulting interference pattern for the Josephson DC current. This
interference figure is well known from the diffraction of light at a single rectangular slit.
The Josephson–Fraunhofer interference of the two Cooper-pair wave functions indicates
that superconductivity is a macroscopic quantum phenomenon.
Finally, quantum interference effects occurring in a loop of two identical S-I-S junctions

will be briefly described. We consider the double-junction loop schematically illustrated in
Figure 3.17.
In the case of two identical Josephson contacts, the same currents I1 and I2 flow in both. It

is furthermore assumed that the contribution of the currents to the magnetic field applied to
the Josephson contacts can be neglected. Similar to the calculation of the phase difference
in a single contact, the vector potential A has to be integrated along a path which includes
the whole area of the double contact loop.
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Figure 3.16 Josephson–Fraunhofer diffraction pattern for the normalized maximum Joseph-
son DC current Imax∕Ic. Minima of the current occur at 𝜙∕𝜙0 values of 1, 2, 3, etc. (Reprinted
from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-33, p. 49 with
kind permission from Springer Science+Business Media B.V.)
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Figure 3.17 Double contact junction consisting of two identical S-I-S junctions (Reprinted
from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-34, p. 49 with
kind permission from Springer Science+Business Media B.V.)

The phase difference between the wave functions in the two junctions is, analogously to
Equation 3.61, given by

𝜑A′B′ = 𝜑AB + 2𝜋𝜙L∕𝜙0 (3.65)

where 𝜙L is the magnetic flux within the loop. Equation 3.48 is valid for each of the two
contacts and the resulting total Josephson current is

I = Ic

{
sin𝜑AB + sin

(
𝜑AB + 2𝜋

𝜙L

𝜙0

)}
(3.66)

The phase difference within the sufficiently small individual contacts has been neglected
in Equation 3.66. The undetermined phase difference 𝜑AB can be replaced by 𝜑AB = 𝜑

0
+

𝜋𝜙L∕𝜙0 provided the following expression holds for the current flowing through the double
contact

I = 2Ic sin𝜑0 cos(𝜋𝜙L∕𝜙0) (3.67)

The maximum possible value of sin𝜑
0
is 1. Thus, the maximum Josephson current is

Imax = 2Ic|cos(𝜋𝜙L∕𝜙0) | (3.68)

The maximum currents taking into account the phase difference within the individual
loops can be obtained by superposition of the single contact equation 3.64 and the loop
equation 3.68,

Imax = 2Ic

|||||||||
sin𝜋

𝜙J

𝜙0

𝜋
𝜙J

𝜙0

cos
𝜋𝜙L

𝜙0

|||||||||
(3.69)
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Figure 3.18 Quantum interference effects in double-loop Josephson junctions (Reprinted
from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-35, p. 51 with
kind permission from Springer Science+Business Media B.V.)

where 𝜙J is the flux in a single contact. The magnetic fluxes in the individual contacts and
the loop are connected to the applied field Ba by

𝜙J = Ba AJ 𝜙L = Ba AL (3.70)

where AJ and AL are the areas of the single contacts and the loop, respectively. Defining
the magnetic fields BJ = 𝜙

0
∕AJ and BL = 𝜙

0
∕AL, Equation 3.69 can be written as

Imax = 2Ic

|||||||||
sin𝜋

Ba

BJ

𝜋
Ba

BJ

cos
𝜋Ba

BL

|||||||||
(3.71)

Using Equation 3.71 the diffraction patterns for BJ∕BL ratios of 4 and 10 have been calcu-
lated. Figure 3.18 shows the results. The maxima of the rapid loop oscillations are limited
by the slower current variationswithin the single contacts. Experimental results formultiple
Josephson junctions can be found in reference [17].

References

1. J. Bardeen, L.N. Cooper, and J.R. Schrieffer, Microscopic theory of superconductivity,
Phys. Rev., 106, 162–164 (1957).

2. J. Bardeen, L.N. Cooper, and J.R. Schrieffer, Theory of superconductivity, Phys. Rev.,
108, 1175–1204 (1957).

3. C.P. Poole, Jr.,, H.A. Farach, and R.J. Creswick, Superconductivity, Academic Press,
San Diego, CA,1995.



Superconductivity: A Macroscopic Quantum Phenomenon 67

4. H. Fröhlich, Theory of the superconducting ground state: I. The ground state at the
absolute zero of temperature, Phys. Rev., 79, 845–856 (1950).

5. J. Bardeen, Wave functions of superconducting electrons, Phys. Rev., 80, 567–574
(1950).

6. C.A. Reynolds, B. Serin,W.H.Wright, and L.B. Nesbitt, Superconductivity of isotopes
of mercury, Phys. Rev., 78, 487 (1950).

7. E. Maxwell, Isotope effect in the superconductivity of mercury, Phys. Rev., 78, 477
(1950).

8. J.W. Garland, Jr.,, Isotope effect in superconductivity, Phys. Rev. Lett., 11, 114–121
(1963).

9. B. Serin, C.A. Reynolds, and C. Lohman, The isotope effect in superconductivity: II.
Tin and lead, Phys. Rev., 86, 162–164 (1952).

10. R. Doll and M. Näbauer, Experimental proof of magnetic flux quantization in a super-
conducting ring, Phys. Rev. Lett., 7, 51–52 (1961).

11. B.S. Deaver, Jr.,, and W.M. Fairbank, Experimental evidence for quantized flux in
superconducting cylinders, Phys. Rev. Lett., 7, 43–46 (1961).

12. I. Giaever, Energy gap in superconductors measured by electron tunnelling, Phys. Rev.
Lett., 5, 147–148 (1960).

13. I. Giaever, Electron tunnelling between two superconductors, Phys. Rev. Lett., 5,
464–466 (1960).

14. J. Nicol, S. Shapiro, and P.H. Smith, Direct measurement of the superconducting
energy gap, Phys. Rev. Lett., 5, 461–464 (1960).

15. B.D. Josephson, Possible new effects in superconductive tunnelling, Phys. Lett., 1,
251–253 (1962).

16. B.D. Josephson, Coupled superconductors, Rev. Mod. Phys., 36, 216–220 (1964).
17. R.C. Jaklevic, J. Lambe, J.E. Mercereau, and A.H. Silver, Macroscopic quantum inter-

ference in superconductors, Phys. Rev., 140A, 1628–1637 (1965).





4
Type II Superconductors

4.1 Introduction

Soon after his discovery in 1911, Heike Kammerlingh Onnes had the vision to use super-
conducting magnets for the generation of high magnetic fields. However, the superconduct-
ing elements, such as mercury, tin, and lead, discovered in his laboratory at the University
of Leiden, were all Type I superconductors, characterized by the full Meissner effect and
low thermodynamic critical fields (Bc) of less than 100mT (see Figure 2.15, Chapter 2).
As a consequence, superconductivity in Type I superconductors can easily be destroyed by
lowmagnetic fields. In Type I superconductors, both the vanishing of perfect diamagnetism
and the re-establishment of the electrical resistance occur at the same magnetic field Bc.
The first experimental evidence for the existence of a different type of superconductors

was found in the late 1920s [1]. In superconducting alloys, it was observed that perfect
diamagnetism vanishes at considerably lower magnetic fields than resistance-free current
transport. At the time this strange behavior of superconducting alloys was explained by
in-homogeneities of the material leading to a matrix of thin superconducting filaments with
diameters smaller than the London penetration depth (sponge hypothesis) [2, 3].
The experimental studies of Shubnikov and co-workers using single crystalline lead

alloys revealed the true nature of Type II superconductivity [4]. To avoid any sponge-like
behavior, the Pb–Tl and Pb–In single crystals were carefully annealed at temperatures close
to their melting point. These experiments showed clearly that below a certain concentra-
tion of impurities, the material behaves like superconductive elements showing perfect
diamagnetism (full Meissner effect). At higher concentrations of impurities, the magnetic
behavior changes to that of Type II superconductors. They are characterized by the loss of
perfect diamagnetism at the lower critical field Bc1. Above this field, magnetic flux starts
to penetrate into the superconductor. Finally, at the upper critical field Bc2, the resistive
normal-conducting state is re-established. An important aspect is the fact that the differ-
ence between Bc1 and Bc2 increases with increasing impurity content. This discovery of
Shubnikov and co-workers opened the way towards the use of superconductors for the
generation of high magnetic fields. In the next section, we will briefly describe the main
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ideas of the Ginzburg–Landau (GL) theory [5], which perfectly describes the behavior of
Type II superconductors.

4.2 The Ginzburg–Landau Theory1

The GL theory is a phenomenological theory based on the principles of thermodynamics.
It is an application of the Landau theory of phase transitions to superconductivity [5]. In
Chapter 2, the behavior of Type I superconductors was discussed. These superconductors
are characterized by perfect diamagnetism. The screening currents flowing in the surface
layer produce amagnetization which cancels the appliedmagnetic field in the interior of the
superconductor. A second type of superconductors, called Type II superconductors, will be
briefly described in this section. Only these Type II superconductors can be used for magnet
and power applications. The GL theory [5–8] provides a quantitative description of their
behavior.
A constant density nC of the Cooper pairs within the whole superconductor is assumed in

the London theory. The only characteristic length scale is the penetration depth 𝜆L describ-
ing the decay of a magnetic field inside a superconductor. By taking into consideration a
variation of the Cooper pair density nC, Ginzburg and Landau introduced a superconducting
order parameter Φ(r), which is a complex quantity containing a phase factor exp(i𝜑):

Φ(r) = |Φ(r)| exp (i𝜑) (4.1)

The square of the order parameter gives the Cooper pair density

nC(r) = |Φ(r) |2 (4.2)

Above the critical temperature Tc, the order parameter is zero. In the vicinity of the tran-
sition temperature Tc, the Gibbs free energy can be expanded as a function of the order
parameter Φ(r) [6–8]:

Gs(Φ) = Gn + ∫V

{
𝛼 |Φ|2 + 1

2
𝛽 |Φ|4 + 1

2mC
| (−iℏ∇ − qCA)Φ |2

+ 1
2𝜇0

B2 (r) − 𝜇0H(r) ⋅M(r)
}

dV (4.3)

where mC is the mass, qC is the charge of a Cooper pair, B(r) is the magnetic flux density,
H(r) is the magnetic field,A is the vector potential, andV is the volume of the superconduc-
tor. Furthermore, 𝛼 and 𝛽 are functions of temperature. The first two terms of the integrand
in Equation 4.3 are the expansion of the energy difference of the normal and superconduct-
ing states at zero applied magnetic field close to the critical temperature. The third term
describes the kinetic energy of the Cooper pairs. The last two terms of the integrand give
the electromagnetic energy of the superconductor. Requiring a minimum of the Gibbs free

1 Reprinted with minor changes from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, pp. 65–70 with kind permission from Springer
Science+Business Media B.V.
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energy with respect to the order parameterΦ and the vector potential A for the equilibrium
state leads to the two GL equations, which describe the superconducting state [5–8]:

1
2mC

(−iℏ∇ − qCA)2Φ(r) + 𝛼Φ(r) + 𝛽 |Φ(r) |2Φ(r) = 0 (4.4)

j =
iℏqC
2mC

(Φ(r)∗∇Φ(r) − Φ(r)∇Φ(r)∗) −
qC

2

mC
A|Φ(r) |2 (4.5)

where Φ(r)∗ is the conjugate complex of the order parameter Φ and j is the current den-
sity of the supercurrents. At a superconductor–vacuum interface, we have the boundary
condition

n(−iℏ∇ − qCA)Φ = 0 (4.6)

where n is a unit vector perpendicular to the interface, i.e., the current across the boundary
is zero.
First, the zero field case A = 0 will be considered, assuming in addition that the density

nC of the Cooper pairs is constant. This situation is found deep inside the superconductor
far away from the phase boundaries, where Equation 4.3 reduces to

Gs = Gn + V
(
𝛼 ||Φi

||2 + 1
2
𝛽 |Φi |4) (4.7)

The equilibrium state corresponds to the minimum of the Gibbs free energy Gs. Thus,
dGs ∕d |Φi| 2 = 0 and

𝛼 + 𝛽|Φi|2 = 0 (4.8)

Inserting |Φi | 2 = −α∕β into Equation 4.7 leads to the following expression for the
condensation energy of the Cooper pairs:

Gn − Gs =
1
2
𝛼
2

𝛽
V =

Bc
2V

2𝜇0
(4.9)

where Bc is the thermodynamic critical field (see Figure 4.5) and V is the volume of the
superconductor.
Next, the interface of normal and superconducting semi-infinite spaces will be consid-

ered. The following variation of the superconducting order parameter Φ results from the
GL theory [6]:

Φ(x) = Φi tanh
x√
2𝜉

(4.10)

where Φi is the order parameter deep inside the superconductor and 𝜉 is the coherence
length, the shortest length within which a significant change of the order parameter Φ and
the Cooper pair density nC can occur. Figure 4.1 shows the variation of the order parameter
in the vicinity of a plane normal–superconductor interface. A more detailed introduction
to the GL theory can be found in Refs. [6, 9]. In 1959, Gor’kov showed that the GL theory
can be derived from the BCS theory [10].
In Section 2.5, it was shown that the difference between the Gibbs free energies of the

normal and superconducting states is given by the condensation energy Ec = VBc
2∕2𝜇

0
of

the Cooper pairs (see Equation 2.62, Chapter 2). An applied magnetic field B is excluded
from the interior of the superconductor.
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Figure 4.1 Variation of the order parameter Φ in the superconducting phase in the vicinity
of a plane phase boundary (Reprinted from “High-Temperature Superconductors: Materials,
Properties, and Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN
0-7923-8386-9, Figure 2-45, p. 67 with kind permission from Springer Science+Business
Media B.V.)

The energy related to the exclusion of the magnetic field is given by

ΔG = −∫
B

0
m ⋅ dB (4.11)

where m is the magnetic moment of the superconductor and B is the applied magnetic
field. This energy reduces the difference between the Gibbs free energies of the normal and
superconducting states. In bulk specimens, the penetration depth 𝜆L is much smaller than
the dimensions of the superconductor. For a slab with the magnetic field applied parallel to
the faces, demagnetization effects can be neglected andm = −BV∕𝜇

0
. However, the mag-

netic energy is considerably reduced for thin superconductors with dimensions comparable
to the penetration depth 𝜆L. Figure 2.17 in Chapter 2 shows that an applied magnetic field
can penetrate into the interior of a thin slab. As a consequence, magnetic fields well above
the bulk critical field Bc are required to destroy the superconducting state in sufficiently thin
specimens. Therefore, a subdivision into many superconducting and normal regions would
allow the existence of superconductivity in the presence of large magnetic fields. However,
experience shows that this does not occur in Type I superconductors. To understand this
behavior, the surface energy associated with the boundaries between normal and supercon-
ducting regions has to be taken into consideration. The Cooper pair density nC increases in
the interfacial layer from zero to the value nCi deep inside the superconductor. This leads
to a loss of condensation energy Ec. On the other hand, the magnetic field penetrates into
a thin layer of the superconductor, and as a consequence the magnetic energy EB required
for field exclusion is reduced. For simplicity, the variation of the Cooper pair density nC
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and the magnetic field B near the phase boundaries is approximated by the following step
functions:

nc = 0

nc = nci

}
for

{
x ≤ 𝜉

x > 𝜉
(4.12)

B = Ba

B = 0

}
for

{
x ≤ 𝜆L

x > 𝜆L
(4.13)

where Ba is the applied magnetic field, 𝜉 is the coherence length, and 𝜆L is the penetration
depth. The resulting surface energy per unit area of a plane for Ba = Bc is

ΔEc − ΔEB ≅ (𝜉 − 𝜆L)
Bc

2

2𝜇0
(4.14)

From this simple model, it follows that energy is required to form a normal–superconductor
interface if 𝜉 > 𝜆L. This behavior is the characteristic of Type I superconductors. The
existence of a positive surface energy prevents a subdivision into many normal and super-
conducting regions. If, on the other hand, 𝜉 < 𝜆L, energy is gained by the formation of
a normal–superconductor interface. This situation is found in Type II superconductors,
in which as a consequence of the negative surface energy, normal and superconducting
regions can coexist. Figure 4.2 shows the variation of the magnetic field B and the Cooper
pair density nC in the vicinity of a plane normal–superconductor interface for both types of
superconductors. The ratio of the coherence length 𝜉 and the penetration depth 𝜆L is called
the GL parameter 𝜅:

𝜅 =
𝜆L

𝜉
(4.15)

In fact, the GL theory predicts that, depending on whether the parameter 𝜅 is smaller
or larger than 1∕

√
2, the superconductor in question is of Type I or Type II, respectively.

Table 4.1 gives for various superconductors the coherence length 𝜉 and the GL parameter
𝜅 at T = 0. The coherence length is closely related to the mean free path of the electrons
in the metal. Large values of the mean free path of the electrons lead to a large coherence
length 𝜉. Most elements are therefore Type I superconductors.
Because of the reduced electron mean free paths in alloys and intermetallic compounds,

these materials are generally Type II superconductors. The cuprate high-Tc superconduc-
tors are extreme Type II superconductors with 𝜅-values of ≈100.

4.3 Magnetic Behavior of Type I and Type II Superconductors2

The magnetic induction B, the magnetic field H, and the magnetization M are related by
the expression

B = 𝜇0(H +M) (4.16)

2 Partly reprinted from “High-Temperature Superconductors: Materials, Properties, and Applications” by RainerWesche, Kluwer
Academic Publishers, 1998, ISBN 0-7923-8386-9, pp. 71–76 with kind permission from Springer Science+Business Media B.V.
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Figure 4.2 Variation of the Cooper pair density nC and the magnetic field B near a plane
normal–superconductor interface for Type I (top) and Type II (bottom) superconductors
(Reprinted from “High-Temperature Superconductors:Materials, Properties, and Applications”
by Rainer Wesche, Kluwer Academic Publishers,1998, ISBN 0-7923-8386-9, Figure 2-46, p. 69
with kind permission from Springer Science+Business Media B.V.)

Table 4.1 Coherence length 𝜉 and GL parameter 𝜅 for selected superconductors at T = 0

Material Tc(K) 𝜉(nm) 𝜅 = 𝜆L∕𝜉 Reference

Al 1.18 1520 0.03 [6]
In 3.41 360 0.11 [6]
Cd 0.52 760 0.14 [6]
Sn 3.72 180 0.23 [6]
Ta 4.5 93 0.38 [7]
Pb 7.2 82 0.48 [6]
Nb 9.25 39 1.28 [6]
NbTi 9.5 4 75 [9]
Nb3Sn 18 3 21.7 [9]
Nb3Ge 23.2 3 30 [9]
Rb3C60 29.6 2 123.5 [11]
YBa2Cu3O7–x 93 2 95 [6]
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Figure 4.3 Relations between the applied magnetic field Ha, the magnetization M, and the
magnetic induction Bi inside a cylindrical Type I superconductor (see inset). In the supercon-
ducting state the magnetization M, generated by the screening currents, cancels the magnetic
induction caused by the external field Ha, and hence Bi = 0. In the normal state above the
thermodynamic critical field Bc the magnetization is zero, leading to Bi = 𝜇0Ha

We consider a superconducting cylinder with the magnetic field applied parallel to the
axis (see Figure 4.3). For this geometry, themagnetic fields on the two sides of the boundary
are equal:

Ha =
Ba

𝜇0
= Hi (4.17)

Inside a Type I superconductor, the magnetization M generated by the screening cur-
rents flowing in the surface layer cancels the magnetic induction Ba caused by the applied
magnetic fieldHa. As a consequence, themagnetic induction in the interior of the supercon-
ductor Bi is zero. At the critical field Bc, the screening currents vanish, the magnetization is
negligibly small, and Bi ≈ Ba. In Figure 4.3, the relations between the magnetization and
the internal fields Bi and Hi inside a Type I superconductor are illustrated.
In an ideal Type II superconductor, no defects are present, which act as pinning cen-

ters (see the following and Section 4.4). In the absence of effective pinning, the magnetic
flux is not hindered to move in and out of the Type II superconductor, and, hence, the
magnetization is reversible. Figure 4.4 shows the magnetization curve of an ideal Type II
superconductor. Below the lower critical field Bc1, an applied magnetic field is excluded
from the interior of the superconductor just as in Type I superconductors. As soon as the
applied magnetic field exceeds Bc1, magnetic flux can penetrate into the interior of Type
II superconductors. In the resulting mixed state, the normal and superconducting regions
coexist within the material. Finally, superconductivity is completely destroyed at the upper
critical field Bc2. The thermodynamic critical field Bc, also indicated in Figure 4.4, is
defined by the expression

∫
Bc

B
c1

(Ba + 𝜇0M)dBa = 𝜇0∫
B
c2

Bc

−MdBa (4.18)
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Figure 4.4 Magnetization curve for an ideal Type II superconductor. The shaded areas
above and below of the thermodynamic critical field Bc are equal (Reprinted from “High-
Temperature Superconductors: Materials, Properties, and Applications” by Rainer Wesche,
Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-47, p. 71 with kind permis-
sion from Springer Science+Business Media B.V.)

where Ba is the applied magnetic field and M is the magnetization of the superconductor.
Equation 4.18 corresponds to the condition that the shaded areas left and right of Bc are
equal. Using the GL parameter 𝜅, the lower and upper critical fields can be related to the
thermodynamic critical field Bc as follows [6]:

Bc1 =
Bc ln 𝜅√

2𝜅
(4.19)

Bc2 =
√
2𝜅Bc (4.20)

The thermodynamic critical field is given by [6]

Bc =
𝜙0

2
√
2𝜋𝜆L𝜉

(4.21)

Table 4.2 Upper critical fields Bc2 of selected high-field
superconductors

Material Tc(K) Bc2(T)(T = 0) Reference

NbTi 9.5 13 [9]
NbN 15 15 [9]
V3Ga 15 23 [9]
V3Si 17.1 23 [12]
Nb3Sn 18 23 [12]
Nb3Al 19.1 33 [12]
Nb3Ge 23.2 38 [9]
PbMo6S8 15 60 [9]
Rb3C60 29.6 57 [11, 13, 14]
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where 𝜙0 is the flux quantum. Values for the upper critical field Bc2 of selected supercon-
ductors are listed in Table 4.2. Because of the low thermodynamic critical fields Bc of Type
I superconductors, the effect of an applied magnetic field on the Gibbs free energy of the
normal state was neglected in Section 2.5.
However, the paramagnetism of the conduction electrons has to be taken into consider-

ation for the large upper critical fields of the Type II superconductors.
The magnetic energies corresponding to electron spins parallel and antiparallel to the

applied magnetic field are E+ and E−, respectively:

E+ = 𝜇Ba

E− = −𝜇Ba

S = + 1
2
ℏ

S = − 1
2
ℏ

(4.22)

with ℏ = 1.0546 × 10
−34

J s. The magnetic moment of a free electron is

𝜇 = 1
2
g𝜇B (4.23)

where g = 2.023 and 𝜇B = 9.27402 × 10–24Am2 is the Bohr magneton. The resulting
energy difference for the two spin directions is

ΔE = E+ − E− ≅ 2𝜇B Ba (4.24)

In the presence of an applied magnetic field, the number of electrons with the magnetic
moment 𝜇 parallel to the applied magnetic field is enhanced at the expense of electrons
with opposite 𝜇. The resulting paramagnetic susceptibility 𝜒P is

𝜒P = 𝜇0𝜇B
2D(EF) (4.25)

where D(EF) is the density of states at the Fermi energy and 𝜇0 is the permeability of free
space. The Pauli spin susceptibility is independent of temperature. As a consequence of
the paramagnetism of the conduction electrons, the Gibbs free energy of the normal state
is reduced, whereas the free energy of the superconducting state is unchanged because the
Cooper pairs have zero spin. The upper critical field Bc2 is reduced by this effect. As soon
as the energy ΔE = 2𝜇BBa exceeds the binding energy of the Cooper pairs, these can be
broken up into single electrons. A more detailed calculation gives for the Pauli limiting
field BPauli [6]

BPauli =
Δ√
2𝜇B

(4.26)

Figure 4.5 shows the magnetic fields for both Type I and Type II superconductors in the
interior as a function of the applied field. The resulting phase diagrams for both types of
superconductors are compared in Figure 4.6. In Type I superconductors, there exist two
different phases, namely the superconducting and the normal, which cannot coexist. On
the other hand, three different phases can exist in Type II superconductors.
Below the lower critical field Bc1(T), the Type II superconductor in the superconducting

phase is characterized by perfect diamagnetism, in which it behaves like a Type I supercon-
ductor. Above the upper critical field Bc2(T), the material is in the normal state. In a Type
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Figure 4.5 Internal magnetic field Bi versus applied magnetic field Ba for both Type I (left)
and Type II (right) superconductors. In Type I, superconductors the internal magnetic field is
zero below Bc, while it is equal to Ba in the normal state above Bc. In Type II superconduc-
tors, magnetic flux is excluded from the interior up the lower critical field Bc1. Between the
lower (Bc1) and the upper critical fields (Bc2), magnetic flux starts to enter into the interior of
the superconductor. At Bc2, the normal state is re-established and Bi ≅ 𝜇0Ha = Ba (Reprinted
from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-48, p. 73 with
kind permission from Springer Science+Business Media B.V.)
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Figure 4.6 Comparison of the phase diagrams for Type I (left) and Type II (right) super-
conductors (Reprinted from “High-Temperature Superconductors: Materials, Properties, and
Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9,
Figure 2-49, p. 74 with kind permission from Springer Science+Business Media B.V.)
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Figure 4.7 Relations between the internal magnetic field Hi, the magnetization M and the
magnetic induction Bi inside a real Type II superconductor. In the vicinity of Bc1 the curves of
the magnetization M and the magnetic induction Bi are rounded. In the normal state above
Bc2, we find again Bi ≅ 𝜇0Ha = Ba

II superconductor between Bc1(T) and Bc2(T), the superconducting and normal regions can
coexist. This mixed state is called the Shubnikov phase.
In a nonideal Type II superconductor, the defects present in the material act as pinning

centers. The pinned flux lines (see in the following) are hindered to move in and out of the
interior of the Type II superconductor, which leads to a hysteresis of the magnetization for
increasing and decreasing the applied magnetic fields. The relations between flux pinning
and critical current in a Type II superconductor are described in Section 4.4. Figure 4.7
shows the magnetic field in the interior, and the magnetization curve of a nonideal Type II
superconductor. Because of flux pinning, the curves of the internal field and magnetization
are rounded in the vicinity of the lower critical field.
In 1957, Abrikosov found solutions of the GL equations for particular situations. Based

on his theoretical work, Abrikosov was able to explain the existence of Type II supercon-
ductors [15]. Figure 4.8 shows the resulting mixed state for Type II superconductors.
The mixed state is characterized by an array of normal cores within the superconduc-

tor, which allow magnetic flux to enter into the superconductor. Supercurrents encircle the
normal cores in the mixed state, which are therefore called vortices. Figure 4.9 shows the
variation of the Cooper pair density nC and the magnetic flux density B in the interior of a
Type II superconductor in the mixed state. The radius of each normal core is the coherence
length 𝜉. The variation of the magnetic flux density B is determined by the penetration
depth 𝜆L. The supercurrents encircling the normal cores cause a repulsive vortex–vortex
interaction.
The exact theory of Type II superconductors predicts that the minimum of the free energy

is reached for a hexagonal lattice of vortices. The flux within each of the normal cores is
quantized. Calculations show that each vortex contains just one fluxoid 𝜙0. The average
magnetic field Bi within a Type II superconductor is

Bi = Nv𝜙0 (4.27)



80 Physical Properties of High-Temperature Superconductors
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ϕ0

Figure 4.8 Type II superconductor in themixed state. Each vortex contains just a single fluxoid
(Reprinted from “High-Temperature Superconductors:Materials, Properties, and Applications”
by RainerWesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-50, p. 74
with kind permission from Springer Science+Business Media B.V.)
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Figure 4.9 Variation of the magnetic flux density B (top) and the Cooper pair density nC
(bottom) in the mixed state of a Type II superconductor (Reprinted from “High-Temperature
Superconductors: Materials, Properties, and Applications” by Rainer Wesche, Kluwer Aca-
demic Publishers, 1998, ISBN 0-7923-8386-9, Figure 2-51, p. 75 with kind permission from
Springer Science+Business Media B.V.)
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where Nv is the number of vortices per unit area and 𝜙0 is the flux quantum. The area
occupied by each vortex in a hexagonal lattice is

Av =
1
2

√
3d2 (4.28)

where d is the average separation of the vortices. Using Equation 4.28, the following expres-
sion results for the average magnetic field Bi in the interior of a Type II superconductor

Bi =
𝜙0

1
2

√
3d2

(4.29)

A more detailed description of the flux line lattice in cuprate superconductors will be
given in Chapter 10.

4.4 Critical Current Densities of Type I and Type II Superconductors3

Next, the critical current densities in both Type I and Type II superconductors will be con-
sidered. The critical currents in Type I superconductors are limited by the very low critical
fields Bc of these materials. The current I flowing in a round superconducting wire produces
a magnetic field at the surface

B =
𝜇0I

2𝜋 r
(4.30)

where r is the radius of the wire and 𝜇0 is the permeability of free space. The critical current
Ic of a thick Type I superconductor is reached as soon as the magnetic field reaches the crit-
ical field Bc of the superconductor. Assuming that the current density is jc within a surface
layer of thickness 𝜆L and zero elsewhere, a critical current density jc = 7.9 × 107Acm–2 is
obtained for tin at T = 0 [7]. Thus, the critical current in Type I superconductors is lim-
ited mainly by the condition that the supercurrent flows only in a thin surface layer with a
thickness given by the penetration depth 𝜆L for the magnetic field.
The situation is different for Type II superconductors. In the mixed state transport cur-

rents can flow in the whole conductor cross-section. Figure 4.10 shows the current–voltage
characteristics for a Type II superconductor with different numbers of defects. The linear
part corresponds to the flux flow resistivity 𝜌ff :

𝜌
ff
=

|Ee|
j

(4.31)

where Ee is the electric field and j is the transport current density. This flux flow resis-
tivity is independent of the number of defects. To understand the occurrence of flux flow
resistivity in Type II superconductors, the Lorentz force FL acting on the vortices in the
presence of an applied magnetic field has to be taken into account. Figure 4.11 shows that

3 Reprinted with minor changes from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, pp. 76–78 with kind permission from Springer
Science+Business Media B.V.
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Figure 4.10 Current–voltage characteristic for a Type II superconductor with different num-
bers of defects. Increasing pinning strength arises from an increasing number of defects
acting as pinning centers (Reprinted from “High-Temperature Superconductors: Materials,
Properties, and Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN
0-7923-8386-9, Figure 2-52, p. 77 with kind permission from Springer Science+Business
Media B.V.)
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Figure 4.11 The Lorentz force FL causes flux flow perpendicular to the direction of the current
and to the applied magnetic field (Reprinted from “High-Temperature Superconductors: Mate-
rials, Properties, and Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998,
ISBN 0-7923-8386-9, Figure 2-53, p. 78 with kind permission from Springer Science+Business
Media B.V.)

the Lorentz force FL = j × 𝛟𝟎 leads to a motion of the vortices perpendicular to the cur-
rent and to the field direction. The resulting variation of the magnetic flux causes flux flow
resistance. In an ideal Type II superconductor, the magnetic flux can move freely. Thus,
the critical current density would be zero in the presence of a magnetic field perpendic-
ular to the current direction. However, a small number of defects are always present in a
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Figure 4.12 Flux lines pinned at defects in a Type II superconductor. As a consequence of
the interaction of flux lines and pinning centers, the hexagonal lattice of the vortices is slightly
distorted (Reprinted from “High-Temperature Superconductors: Materials, Properties, and
Applications” by Rainer Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9,
Figure 2-54, p. 78 with kind permission from Springer Science+Business Media B.V.)

real Type II superconductor. These defects can act as pinning centers for the flux lines. For
example, the energy of flux lines traversing normal precipitates is reduced. In the presence
of a large number of normal precipitates, energetically favorable positions for the flux lines
in the superconductor can exist. As a consequence, flux motion is suppressed as long as
the Lorentz force is smaller than the pinning force. Figure 4.12 illustrates flux pinning at
defects. The hexagonal flux line lattice may be slightly distorted due to the interaction of
vortex lines and pinning centers. In addition to normal precipitates, grain boundaries and
dislocations can act as pinning centers. Because of the extremely short coherence length 𝜉
in high-Tc superconductors, even point defects are weak pinning centers in these materials.
Flux pinning leads to irreversible magnetization curves. Thermally activated depinning can
occur for Lorentz forces well below the pinning force. This effect is similar to diffusion
in solids. Thermally activated flux creep is especially important at elevated temperatures
in the high-Tc superconductors. Flux pinning and creep effects will be discussed in more
detail in Chapter 10.

4.5 Anisotropic Superconductors4

The anisotropic GL theory can be used to describe themagnetic properties of layered super-
conductors. Examples of superconductors with layered crystal structures are MgB2, the
cuprates, and the iron pnictides. As a consequence of their layered structures, the pen-
etration depth depends on the direction of flow of the screening currents. It is further
assumed that the screening currents in the crystallographic a and b directions are equal.
Thus, two different penetration depths 𝜆ab and 𝜆c result, where the indices ab and c refer
to the directions of flow of the screening currents. Because of this anisotropy, two different

4 Reprinted with minor changes from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, pp. 134–135 with kind permission from Springer
Science+Business Media B.V.
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GL parameters 𝜅ab and 𝜅c can be defined [6]:

𝜅ab =
(
𝜆ab𝜆c

𝜉ab𝜉c

)1∕2

𝜅c =
𝜆ab

𝜉ab

(4.32)

where 𝜉ab and 𝜉c are the coherence lengths in the ab plane and along the c direction, respec-
tively. The indices of the GL parameters give the direction of the applied magnetic field.
The dimensionless anisotropy parameter 𝛾a can be expressed by the ratios of the following
material properties [16]:

𝛾a =
(

mc

mab

)1∕2
=
𝜆c

𝜆ab
=
𝜉ab

𝜉c
=

Bc2,ab

Bc2,c
=

Bc1,c

Bc1,ab
(4.33)

wheremab andmc are the effective masses of the charge carriers for currents in the ab plane
and along the c direction, respectively. Furthermore, Bc1 and Bc2 are the lower and upper
critical fields where the indices ab and c correspond to the field directions in the ab plane
and along the c direction, respectively. The thermodynamic critical field Bc is given by
[6, 9, 16]

Bc =
𝜙0

2
√
2𝜋𝜆ab𝜉ab

(4.34)

where 𝜙0 is the flux quantum. The resulting expressions for the upper critical fields are
[6, 9, 16]

Bc2,c =
𝜙0

2𝜋𝜉ab
2

(4.35)

Bc2,ab =
𝜙0

2𝜋𝜉c𝜉ab
(4.36)

The coherence length and the GL parameter can be derived from the penetration depth and
critical field data.
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5
Cuprate Superconductors:

An Overview

5.1 Introduction

The discovery by Bednorz and Müller [1] that superconductivity occurs in the
La–Ba–Cu–O system at a temperature as high as 30K was the beginning of a new
era in the field of superconductivity. Soon after their discovery it was clarified that the
superconducting phase in the La–Ba–Cu–O system is La2−xBaxCuO4, a complex nonstoi-
chiometric cuprate, which is characterized by the presence of CuO2 planes in the crystal
structure. The discovery initiated an intense effort to find other cuprate superconductors
with even higher critical temperatures. Within a year YBa2Cu3O7−x (Tc = 93 K), the first
cuprate superconductor with a transition temperature well above the boiling point of nitro-
gen, was found [2]. Characteristic features of cuprate high-temperature superconductors
are their chemical and structural complexity. In this chapter, we will provide an overview
on the major families of superconducting cuprates. Some of their common structural
features will be briefly described. An important aspect of these complex nonstoichiometric
oxides is the possibility to tune the charge carrier density by means of changes in the
chemical composition. This strongly affects the physical properties of the cuprates. The
undoped parent compounds are Mott insulators. In spite of the fact that band theory would
predict metallic behavior, the parent compounds (e.g., La2CuO4) show insulating behavior.
Due to the strong electron–electron interaction, the electrons in the conduction band are
prevented from moving freely. Because of the strong Coulomb repulsion, each electron
is quasibound to a single copper ion. Additional charge carriers, which are introduced by
doping, are mobile, leading to electrical conductivity and superconductivity. This change
in electrical conductivity is accompanied by the vanishing of the antiferromagnetism of
the parent compound.

Physical Properties of High-Temperature Superconductors, First Edition. Rainer Wesche.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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5.2 Families of Superconductive Cuprates

Today, well over a hundred cuprate high-temperature superconductors are known. First,
let us consider the layering schemes in the major families of cuprate superconductors. In
the crystal structures of all cuprate superconductors, CuO2 planes are present, which are
responsible for the high-temperature superconductivity of these materials. The electrical
current in the normal as well as in the superconducting state flows mainly along the CuO2
planes, which are therefore called conduction planes. In themajor families of cuprate super-
conductors, the CuO2 planes are embedded between multilayers of LaO, BaO, TlO, or SrO.
These layers of insulating character are required for the stabilization of the crystal struc-
ture, and to ensure charge neutrality. Because of the layered crystal structures, the physical
properties of the cuprates in the normal as well as in the superconducting state are highly
anisotropic.
In Figure 5.1, the layering schemes of La2CuO4 and YBa2Cu3O7 are compared. In

La2CuO4, each of the copper oxide blocks contains only a single CuO2 plane. The copper
oxide blocks are separated by double layers of LaO. In contrast to the conducting CuO2
planes, the LaO layers show an insulating character. Impurity atoms added to them allow
the introduction of additional charge carriers into the CuO2 conduction planes. The dou-
ble layers of LaO act as charge carrier reservoirs. This aspect will be discussed in more
detail in Section 5.3. A common feature of YBa2Cu3O7 and La2CuO4 is the CuO2 con-
duction planes. However in the yttrium compound, each copper oxide block contains two
CuO2 planes, which are separated by a layer of yttrium ions. The yttrium ions can be
replaced by rare earth elements (RE) (e.g., Er, Dy, Gd, Eu, Nd), leading to the chemical
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Figure 5.1 Layering schemes of La2CuO4 and YBa2Cu3O7. In the lanthanum compound, sin-
gle CuO2 sheets are embedded between double layers of LaO. Each copper oxide block of
the yttrium compound consists of two CuO2 sheets, separated by a layer of yttrium ions. The
charge carrier reservoir is formed of two BaO layers with embedded CuO chains (Reprinted
from “High-Temperature Superconductors: Materials, Properties, and Applications” by Rainer
Wesche, Kluwer Academic Publishers, 1998, ISBN 0-7923-8386-9, Figure 3-1, p. 80 with kind
permission from Springer Science+Business Media B.V.)
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formula REBa2Cu3O7. A special feature of the YBa2Cu3O7 and the related REBa2Cu3O7
compounds is the presence of CuO chains along the crystallographic b direction in the cen-
ter of the charge carrier reservoir formed of BaO double layers (see also Chapter 6). The c
lattice parameters of La2CuO4 and YBa2Cu3O7 are 1.32 and 1.168 nm, respectively. The
crystallographic unit cell of the lanthanum compound contains two formula units, while
that of the yttrium compound contains only one. Frequently, the chemical formulas are
replaced by the abbreviations La-214 and RE-123, where the numbers refer to the atomic
ratios. In most of the abbreviations, the number of oxygen atoms is omitted as in the case
of RE-123.
The layering schemes of the first three members of the thallium-based cuprate supercon-

ductor family of chemical composition Tl2Ba2Can− 1CunO2n+4 (Tl-22(n− 1)n) are illus-
trated in Figure 5.2. The indicated unit cells contain two formula units of the thallium-based
superconductor in question. In Tl2Ba2CuO6 (Tl-2201), single layers of CuO2 are separated
by the charge carrier reservoirs. The sequence of the layers in the charge carrier reservoirs
is BaO–TlO–TlO–BaO. We find the same sequence in the other Tl-22(n− 1)n compounds,
as shown in Figure 5.2 for Tl2Ba2CaCu2O8 and Tl2Ba2Ca2Cu3O10. In the thallium-based
cuprates with n ≥ 2, the adjacent CuO2 planes within a single copper oxide block are sep-
arated by layers of Ca ions. In Tl2Ba2Ca2Cu3O10, the copper oxide block consists of three
CuO2 layers. Again, layers of Ca ions are inserted between adjacent CuO2 sheets. An inter-
esting feature is the fact that the inner and outer CuO2 layers in a single copper oxide block
are structurally not identical. Because of these differences, it is possible that the charge
carrier densities in the inner and outer CuO2 planes are different.
The crystal structures of the members of the Bi-based high-temperature superconduc-

tor family Bi2Sr2Can− 1CunO2n+4 (Bi-22(n− 1)n) are closely related to their Tl-22(n− 1)n
counterparts. Starting from Figure 5.2, we obtain the layering schemes of the Bi-22(n− 1)n
cuprate superconductors simply by the replacement of the TlO layers by BiO layers, and
of the BaO layers by SrO layers.
A further layering scheme is realized in the family of the mercury-based high-

temperature superconductors. The chemical composition of the members of this fam-
ily of cuprate superconductors is described by the formula HgBa2Can− 1CunO2n+2
(Hg-12(n− 1)n). Figure 5.3 shows the layering schemes for the compounds with n up to 5.
In HgBa2CuO4 (Hg-1201), the copper oxide blocks consist of a single CuO2 layer, as in
the case of the La-214, Tl-2201, and Bi-2201 compounds. The sequence of the layers in
the charge carrier reservoirs is BaO–Hg–BaO. Most of the oxygen sites in the mercury
plane are not occupied (see also Chapter 6).
The copper oxide blocks in the compounds with n ≥ 2 are identical to the correspond-

ing ones in the Bi-22(n− 1)n and Tl-22(n− 1)n compounds. An interesting feature of the
mercury-based high-temperature superconductors is the possibility of synthesizing com-
pounds with more than five CuO2 planes in a single copper oxide block.
There exists a family of analogous TlM2Can− 1CunO2n+3 (Tl-12(n− 1)n) compounds,

where M stands for Ba or Sr. The Hg layer of the Hg-12(n− 1)n compounds is replaced by
a TlO layer.
Using high-pressure synthesis, many additional families of cuprate superconductors can

be synthesized. High-pressure synthesis allows the insertion of other layers of ions than
bismuth, thallium, or mercury into the charge carrier reservoirs. For example, there exist
families of AlSr2Can− 1CunO2n+3 (Al-12(n− 1)n), BSr2Can− 1CunO2n+3 (B-12(n− 1)n),
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Springer Science+Business Media B.V.)

GaSr2Can− 1CunO2n+3 (Ga-12(n− 1)n), CuBa2Can− 1CunO2n+2 (Cu-12(n− 1)n), and
(Cu0.5C0.5)Ba2Can− 1CunO2n+3 ((Cu,C)-12(n− 1)n) cuprate superconductors [3].
Next, let us consider the critical temperatures in the different families of the cuprate

superconductors. In Table 5.1, the critical temperatures of various cuprate superconductors
are listed [4–39]. In the La2−xMxCuO4 family (M= Sr or Ba), a maximum critical tempera-
ture of 39K has been reported with partial substitution of La by Sr. The critical temperature
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of the RE-123 compounds varies between 93 and 98K, depending on the rare earth ele-
ment present in the compound. The critical temperature was found to increase with the
ionic radius of the rare earth element in question [6]. The maximum critical temperature
of YBa2Cu4O8 is around 80K [4]. This cuprate is structurally related to YBa2Cu3O7−𝛿 .
In the Bi-22(n− 1)n family, a maximum critical temperature of 122K has been reported
for Bi-2223 [3]. The formation and stability of the n = 3 phase is significantly improved
by partial substitution of bismuth by lead. Even higher critical temperatures of 128K have
been achieved in the corresponding family of Tl-22(n− 1)n superconductors for the mem-
ber with n= 3. In the Tl-12(n− 1)n family, compounds with thallium partially replaced
by lead show slightly higher critical temperatures than pure compounds. For example, the
critical temperature of Tl-1223 without lead substitution is around 110K, whereas in (Tl,
Pb)-1223, a Tc of 122K has been achieved. A critical temperature as high as 135K has
been reached in the mercury compound HgBa2Ca2Cu3O8+𝛿 . A slightly higher Tc of 138K
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Table 5.1 Critical temperatures of various cuprate superconductors

Family Compound Tc(K) Reference

La-214 La1.85Sr0.15CuO4 39 [4]
La1.91Ba0.09CuO4−𝛿 32.5 [5]

RE-123 YBa2Cu3O7−𝛿 93 [6]
GdBa2Cu3O7−𝛿 94 [6]
EuBa2Cu3O7−𝛿 95 [6]
NdBa2Cu3O7−𝛿 96 [6]
LaBa2Cu3O7−𝛿 98 [6]

Bi-22(n− 1)n Bi2.11Sr1.89CuO6+𝛿 8.5 [7]
Bi2(Sr1.6La0.4)CuO6+𝛿 23.5 [4]
Bi2(Ca0.8Sr0.8La0.4)CuO6+𝛿 80 [8]
Bi2.2Sr2Ca0.8Cu2O8+𝛿 84 [9]
Bi2Sr2CaCu2O8 87 [10]
Bi2.14Sr1.77Ca0.92Cu2O8+𝛿 93 [11]
Bi1.8Pb0.4Sr1.72Ca2Cu3O10+𝛿 111 [12]
Bi1.7Pb0.3Sr2Ca2Cu3O10 116 [13]

Tl-22(n− 1)n Tl2Ba2CuO6+𝛿 93 [14]
Tl1.7Ba2Ca1.06Cu2.32O8+𝛿 108 [15]
Tl1.64Ba2Ca1.87Cu3.11O10+𝛿 125 [15]
Tl2Ba2Ca2Cu3O10−𝛿 128 [16]
Tl2Ba2Ca3Cu4O12+𝛿 114 [17]

Tl-12(n− 1)n Tl(Ba2−xLax)CuO5−𝛿 45 [18]
Tl1.1Ba2Ca0.9Cu2.1O7.1 80 [19]
TlBa2CaCu2Oy 110 [20]
Tl1.1Ba2Ca1.8Cu3O9.7 110 [19]
TlBa2Ca3Cu4O11+𝛿 114 [21]
(Tl0.5Pb0.5)Sr2CaCu2O7 80 [4]
(Tl0.5Pb0.5)Sr2(Ca0.8Y0.2)Cu2O7 107 [4]
(Tl0.5Pb0.5)Sr2Ca2Cu3O9 118 [22]
(Tl0.5Pb0.5)Sr2Ca2Cu3O9 122 [4]

Hg-12(n− 1)n HgBa2CuO4+𝛿 94 [23]
HgBa2CaCu2O6+𝛿 123 [24]
HgBa2Ca2C3O8+𝛿 133 [25]
HgBa2Ca2C3O8+𝛿 135 [26]
HgBa2Ca3C4O10+𝛿 126 [26]
HgBa2Ca4C5O12+𝛿 110 [26]
HgBa2Ca5C6O14+𝛿 107 [26]
Hg0.8Tl0.2Ba2Ca2Cu3O8+x 138 [27]
Hg0.5Pb0.5Ba2Ca4Cu5O12+𝛿 115 [28]

Al-12(n− 1)n AlSr2Ca2Cu3O9 78 [29]
AlSr2Ca3Cu4O11 110 [30]
AlSr2Ca4Cu5O13 83 [30]

B-12(n− 1)n BSr2Ca2Cu3O9 75 [31]
BSr2Ca3Cu4O11 110 [31, 32]
BSr2Ca4Cu5O13 85 [31]

(continued overleaf )



Cuprate Superconductors: An Overview 93

Table 5.1 (continued)

Family Compound Tc(K) Reference

Ga-12(n− 1)n GaSr2Ca2Cu3O9 70 [33]
GaSr2Ca3Cu4O11 107 [33]

Pb-12(n−1)n PbSr2CaCu2Ox 82 [34]
PbSr2Ca2Cu3Ox 122 [35]

Cu-12(n− 1)n CuBa2Ca2Cu3O8+𝛿 117 [36]
(Cu0.5C0.5)Ba2Ca2Cu3O9+𝛿 67 [37, 38]
(Cu0.5C0.5)Ba2Ca3Cu4O11+𝛿 117 [37, 38]
(Cu0.5S0.5)Sr2Ca2Cu3Oy ≈100 [39]
(Cu0.5S0.5)Sr2Ca6Cu7Oy ≈60 [39]

has been reported for Hg0.8Tl0.2Ba2Ca2Cu3O8+x. Critical temperatures well above 100K
have also been reached in Al-1234, B-1234, Ga-1234, and in (Cu, C)-1234 (see Table 5.1).
The critical temperature of the cuprate superconductors depends on the exact chemical

composition, which determines the charge carrier density in the conductive CuO2 lay-
ers. The variation of the charge carrier density by means of doping will be described in
Section 5.3. Empirical rules for the critical temperatures of cuprate superconductors will
be discussed in Chapter 7.

5.3 Variation of Charge Carrier Density (Doping)

In semiconductors, the charge carrier density can be increased by the addition of impurity
atoms. Let us consider the example of silicon. Each silicon atom provides four valence
electrons. If we replace one silicon atom by a trivalent boron atom, one valence electron
is absent. The boron atoms are called acceptor atoms because they can accept one elec-
tron from the host material. Thus, the addition of boron leads to the introduction of defect
electrons, i.e. holes, which behave like positively charged electrons. On the other hand, the
addition of an arsenic atom with five valence electrons provides one excess electron to the
host material. Arsenic is therefore called a donor atom. The energy levels of the impurity
atoms are within the energy gap of the semiconductor. The energy levels of the acceptor
atoms are slightly above the valence band, while those of the donor atoms are slightly below
the conduction band. As a consequence, the acceptor or the donor levels can be easily acti-
vated to provide mobile holes or electrons to the semiconductor. The addition of impurity
atoms to a semiconductor is called doping.
In a similar way the charge carrier density in the CuO2 planes of cuprate high-

temperature superconductors can be tuned. Let us consider the simplest case of La2CuO4.
In this insulating parent compound, the oxidation state of the lanthanum ions is +3 and
that of the copper ions +2. The eight electrons provided by the two lanthanum ions and
the copper ion are taken up by the four O2− ions. In principle, the oxidation state of copper
ions can be +1, +2, and +3. Partial replacement of La3+ by Ba2+ leads to a reduced
number of electrons, which can be transferred from the charge carrier reservoir to the
CuO2 planes. In order to ensure charge neutrality, one Cu3+ ion is formed in the CuO2
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planes for each Ba2+ added to the LaO double layers (see Figure 5.1). The Cu3+ defects
act as mobile holes in the normal conducting state. For La2−xBaxCuO4, the fractions
of Cu2+ and Cu3+ ions are (1 − x) and x, respectively. We can define a formal valence
2 + p = 2 ⋅ (1 − x) + 3x = 2 + x of the copper atoms.
So far, we have not taken into consideration that the oxygen content may deviate from

stoichiometry. An additional way to introduce holes is by an excess of oxygen in the charge
carrier reservoirs, which reduces the number of electrons that can be transferred from the
cations of the charge carrier reservoirs to the CuO2 planes. As a consequence, holes are
introduced into the CuO2 planes. The charge carrier density, and hence the critical temper-
ature of YBa2Cu3O7−𝛿 , is very sensitive to the exact oxygen content. The actual oxygen
content of YBa2Cu3O7−𝛿 depends on the atmosphere (pure oxygen, air, or oxygen partial
pressure of an Ar/O2 mixture), the temperature, and the cooling rate. Typically, the exact
oxygen content of cuprate superconductors is not known. The uncertainty of the oxygen
content is the reason for introducing δ in the chemical formula (see Table 5.1).
In more complex cuprate superconductors, the cations may be disordered. For example,

in Bi2Sr2CaCu2O8+𝛿 the crystallographic sites of bismuth ions may be partly occupied
by Sr ions and vice versa. In addition, calcium ions may be replaced by strontium
ions. In principle, it would be more correct to write the chemical formula of Bi-2212
as (Bi,Sr)2+x(Sr,Ca)3+yCu2O8+𝛿 . There exists a considerable range for the possible
compositions of the Bi-2212 compound.
In addition to cation disorder, the ratios of Bi:Sr:Ca:Cu may deviate considerably from

the ideal of 2:2:1:2. These effects lead to self-doping in the more complex cuprates (e.g.,
Bi-, Tl-, and Hg-based cuprate superconductors). This means that charge carriers can be
introduced into the CuO2 planes without the need to introduce impurity atoms.
Because of the close relation of chemical composition, charge carrier density and phys-

ical properties, knowledge of the exact chemical composition and the resulting charge
carrier density is of crucial importance. In principle, the Hall effect can be used to deter-
mine the number density and the type of the charge carriers. In Figure 5.4, the generation
of the Hall voltage is schematically illustrated. We consider a conductor with a magnetic
field applied in the +z direction and a current in the −y direction. The Lorentz force

FL = qv × B (5.1)

acting on charge carriers with the charge q and the average velocity v leads to a charge
separation. The direction of the electric field Ee depends on the type of the charge carriers.
For electrons, an electric field in the−x direction (Figure 5.4, top) is built up, while for holes
the generated electric field points in the +x direction (Figure 5.4, bottom). At equilibrium
the electric force qEe balances the Lorentz force FL,

qEe = qv × B. (5.2)

The average velocity v of the charge carriers and the current density j are related by the
expression

j = nqv (5.3)
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Figure 5.4 Schematic illustration of the Hall effect. For electrons (top) and holes (bottom),
the resulting electric fields are in the opposite direction.

where n is the number density of electrons or holes. Combining Equations 5.2 and 5.3
leads to

Ee =
1
nq

j × B (5.4)

where q = +1.602 × 10−19 A s for holes and q = e = −1.602 × 10−19 A s for electrons.
The sign of the Hall coefficient

RH = ± 1
n|e| (5.5)

is positive for holes and negative for electrons. Measurements of the Hall voltage indicate
that in the major families of the cuprate high-Tc superconductors, holes are the charge
carriers.
It should be mentioned that there also exist electron-doped cuprate superconductors. The

first electron-doped cuprate superconductor Pr2−xCexCuO4−𝛿 was discovered by Tokura
et al. in 1989 [40]. The valence of Pr is +3, whereas that of Ce is +4. Substitution of Ce4+
for Pr3+ leads to electron doping of the CuO2 planes. A critical temperature of 22.4K [41]
has been reported for Pr2−xCexCuO4−𝛿 . Further electron-doped cuprate superconductors
are Nd2−xCexCuO4 (Tc = 22.8 K) and Sm2−xCexCuO4 (Tc = 17.6 K) [41].
In the case when more than one band contributes to electrical conductivity, Equation 5.4

is not valid, and the evaluation of the measured Hall voltages is more complicated than
described above.
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In (La,Sr)2CuO4+𝛿 and YBa2Cu3O7−𝛿 , the oxidation state of La and Y is +3 and that of
Sr andBa+2, while the valence of copper depends on the exact chemical composition. In all
cuprate superconductors, the oxygen content is nonstoichiometric. The formal valence 2+p
of copper can be determined by iodometric titration [3, 42–47]. The cuprate sample in
question is dissolved under an inert atmosphere in an acidic solution with an excess of KI.
In this process, the following reactions occur:

Cu+ + I− → CuI ↓ (5.6)

Cu2+ + 2I− → CuI ↓ + 0.5I2 (5.7)

Cu3+ + 3I− → CuI + I2 (5.8)

The reaction of [CuO]p+ is summarized by the formula

[CuO]p+ + (2 + p) I− → CuI ↓ + 0.5 (p + 1) I2 (5.9)

Any Cu+ present in the sample precipitates out as CuI. Only copper oxidized beyond Cu+

contributes to the liberation of neutral iodine I2. The amount of neutral iodine generated in
this reaction can be determined by titration with sodium thiosulfate Na2S2O3,

I2 + 2Na2S2O3 → 2NaI + Na2S4O6 (5.10)

Assuming that the investigated sample is single phase, and that the ratio of the metallic
cations is exactly known, then we have [44]

p =
MscCSTV1

W1
− 1 (5.11)

where Msc is the molar weight of the cuprate in g/mol, W1 the weight of the sample in
grams, CST the concentration of the Na2S2O3 solution in mol/l, and V1 its volume in liters.
Reduced systematic errors can be achieved by a double titration method. A more detailed
description of iodometric titration can be found in references [3, 42–47].
In general, the maximum critical temperature in cuprate superconductors is typically

found to be in the range of 2.15–2.20 for a formal valence 2+ p. This means that the maxi-
mum critical temperature for the cuprate superconductor in question is reached for a carrier
concentration of 0.15–0.2 holes per copper atom in the CuO2 planes (see Chapter 7).

5.4 Summary

The high-temperature superconductors, discovered first by Bednorz and Müller, are
complex copper oxides (cuprates). A common feature of all cuprate superconductors is the
layered crystal structure with conducting CuO2 layers sandwiched between other metal
oxide layers of insulating character. These other metal oxide layers act as charge carrier
reservoirs. In general, the cuprate high-temperature superconductors are nonstoichiometric
oxides with varying oxygen content. The physical properties depend on the charge carrier
concentration in the CuO2 planes. In the insulating parent compounds of the cuprate
superconductors, the oxidation state of the copper atoms in the CuO2 planes is +2.
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For example, excess oxygen in the charge carrier reservoirs, or substitution of trivalent
lanthanum by divalent strontium, leads to the presence of holes in the conductive CuO2
planes. As a consequence, the formal valence of copper in the CuO2 planes is changed
from +2 to (2+ p). In most of the cuprates, the maximum value of the critical temperature
is reached for p values in the range of 0.15–0.2. At high carrier concentrations (p > 0.3),
a transition to a nonsuperconducting metal has been observed. The phase diagram of the
cuprate superconductors will be discussed in Chapter 8.
The most important families of cuprate superconductors are (La,M)2CuO4 (M: Sr

or Ba), REBa2Cu3O7−𝛿 (RE: rare earth element or yttrium), Bi2Sr2Can− 1CunO2n+4,
Tl2Ba2Can− 1CunO2n+4, TlM2Can− 1CunO2n+3 (M: Sr or Ba), and HgBa2Can− 1CunO2n+2.
The maximum critical temperatures in the different families of cuprate superconductors
vary from 39K for the La-214 family to 135K in the Hg-12 (n− 1)n family. For a further
discussion of the empirical rules for the critical temperatures of cuprate superconductors
see also Chapter 7.
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6
Crystal Structures of Cuprate

Superconductors

6.1 Introduction

We have already noticed that layered crystal structures are a characteristic property of
all cuprate superconductors. Electrically conducting copper oxide layers are sandwiched
between insulating layers, which act as charge carrier reservoirs. In this chapter, we will
consider the crystal structures of the cuprate superconductors in more detail.
The crystal structure of solids can be studied by different diffraction methods. In

Section 6.2, X-ray and neutron diffraction will be briefly described. The wavelength
of the X-rays or the particle waves must be comparable to or smaller than the lattice
parameters of the investigated solids. Deceleration of 40 kV electrons by a copper target
generates bremsstrahlung with wavelengths in the region of interest. The wavelength 𝜆 of
neutrons is given by the de Broglie relation 𝜆 = h∕p, where h is Planck’s constant and p
the momentum of the particle. X-rays, mainly interacting with the electrons of atoms, are
only weakly scattered by light elements. It is therefore difficult to study the occupation of
lattice sites by oxygen in the cuprate superconductors by means of X-ray diffraction. More
information on the positions of oxygen atoms in high-temperature superconductors can
be obtained by neutron diffraction, which is more sensitive to the detection of light atoms.
Due to their magnetic moment, neutrons can be used to study the magnetic structure of
a solid. Neutron scattering performed below the Néel temperature (TN) responds to the
magnetic unit cell of the antiferromagnetic state, whereas diffraction patterns taken above
TN provide information on the atomic positions, which can be compared with that derived
from X-ray diffraction.
In addition, X-ray powder diffraction can be used to identify the different solid phases

present in a sample. The X-ray powder diffraction pattern of a single-phase polycrystalline
sample is like a fingerprint characteristic of the solid phase in question. In multiphase
samples, the ratios of the intensities of the strongest reflections of the different phases
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present can be used to estimate the fractions of these phases present in the sample. X-ray
powder diffraction is therefore a powerful tool to find the optimum processing conditions
to synthesize single-phase cuprate superconductors.
In Section 6.3, the crystal structures of various cuprate superconductors are described.

In addition, typical X-ray powder diffraction patterns of various cuprate superconductors
will be presented.

6.2 Diffraction Methods

6.2.1 Bragg Condition

The Bragg condition is illustrated in Figure 6.1. A small fraction of the incident beam is
reflected by each of the parallel lattice planes. Similar to the reflection of light at a mirror,
the angles of incidence and reflection at each of the lattice planes are equal. Constructive
interference of the beams, reflected from adjacent lattice planes, occurs for path differences
of n ⋅ 𝜆, where n is an integer number. Thus, the propagation directions of scattered waves
satisfy the Bragg condition

2d sin 𝜃 = n𝜆 (6.1)

In this elastic scattering process, the energy of the X-ray photons is unchanged.

6.2.2 Miller Indices

The different planes in the crystal lattice are described by the Miller indices. They can be
found by the following procedure. First, the intercepts of the lattice plane with the crystal-
lographic axes are determined. The Miller indices, typically called (hkl), are the smallest
possible integer number ratios of the inverse values of these intercepts. In Figure 6.2, several
lattice planes and the corresponding Miller indices are shown.
In the case of the trigonal and hexagonal crystal systems, theMiller indices are frequently

replaced by theMiller–Bravais indices (hkil). The values of h, k, and l are identical to those

Incident Beam Scattered Beam

d

d sinθ

θ θ

θ θ

Figure 6.1 Sketch of Bragg scattering. Path differences equal to an integer number of the
wavelength of the X-rays lead to constructive interference
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Figure 6.2 Selected lattice planes and corresponding Miller indices (hkl)

of the corresponding Miller indices. The extra index (i) is defined for convenience to be
i = −(h + k).

6.2.3 Classification of Crystal Structures

Crystal structures are classified according to their translational symmetry. Fourteen Bravais
lattices exist in 3D space, and only five on a 2D plane. The Bravais lattices in two and three
dimensions are listed in Table 6.1. The Bravais lattice symbols indicate both the crystal sys-
tem and the centering type. The centering types in three dimensions and the corresponding
symbols are primitive (P), face-centered (C (A,B)), body-centered (I), and all face-centered
(F). In two dimensions, there exist only two centering types, namely primitive (p) and
centered (c). For example, the lattice symbol for a face-centered cubic crystal structure
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Table 6.1 Bravais nets and lattices

System Lattice symbol Nature of the vector set

Two dimensions

Square (tetragonal) tp a = b, 𝛾 = 90∘
Rectangular op a ≠ b, 𝛾 = 90∘
(orthorhombic) oc
Hexagonal hp a = b, 𝛾 = 120∘
Oblique mp a ≠ b, 𝛾 ≠ 90∘, 𝛾 ≠ 120∘
(monoclinic)

Three dimensions

Cubic cP a = b = c, 𝛼 = 𝛽 = 𝛾 = 90∘
cI
cF

Tetragonal tP a = b ≠ c, 𝛼 = 𝛽 = 𝛾 = 90∘
tI

Orthorhombic oP a ≠ b ≠ c, 𝛼 = 𝛽 = 𝛾 = 90∘
oC
oI
oF

Trigonal (rhombohedral) hR a = b = c, 𝛼 = 𝛽 = 𝛾 < 120∘, ≠ 90∘
Hexagonal hP a = b ≠ c, 𝛼 = 𝛽 = 90∘, 𝛾 = 120∘
Monoclinic mP a ≠ b ≠ c, 𝛼 = 𝛾 = 90∘, 𝛽 ≠ 90∘

mC
Triclinic (anorthic) aP a ≠ b ≠ c, 𝛼 ≠ 𝛽 ≠ 𝛾

is cF. The angles between the different crystallographic axes are defined in Figure 6.3.
Based on their symmetry properties, all crystal structures can be classified into 230 space
groups [1, 2], described by the Mauguin–Hermann symbols. For example, in the space
group symbol I4/mmm, the letter I stands for body centering, the number 4 indicates a
fourfold rotational symmetry, and the three letters m represent three mirror planes. We
shall see later that many cuprate superconductors crystallize in the symmetry of the space
group I4/mmm.

6.2.4 X-ray Diffraction

For the determination of the crystal structure of a solid bymeans of X-ray diffraction, single
crystals as well as powder samples can be used. The Laue method, which is schematically
illustrated in Figure 6.4, uses a single crystal and needs a continuous X-ray spectrum. The
incident beam is parallel to one of the principal crystal directions. The positions of the
diffraction spots obey the Bragg condition. For each crystallographic plane, the wavelength
appropriate to fulfill the Bragg condition is selected out of the continuous X-ray spectrum.
The pattern of the diffraction spots reveals the symmetry of the crystal lattice in question.
The main disadvantage of the Laue method is the fact that single crystals of sufficient size
and quality are required for the determination of the crystal structure. Frequently, suitable
crystals are not available immediately after the discovery of a new superconductor.
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Figure 6.4 Sketch of the Laue method

As an alternative to the Laue method, X-ray powder diffraction can be used to determine
the crystal structure. In Figure 6.5, the experimental setup of X-ray powder diffraction is
sketched. A monochromatic X-ray beam is required for powder diffraction experiments.
The characteristic X-rays produced by the excitation of inner electrons may be used as a
source of monochromatic X-rays. Cu K𝛼 radiation with a wavelength of 0.15418 nm is
frequently used for X-ray powder diffraction; nickel filters are then used to absorb most
of the K𝛽 line and the undesirable bremsstrahlung. Alternatively, a monochromator crystal
may be used, which reflects only the Cu K𝛼 radiation. The position of the X-ray tube is
fixed. The width of the incident X-ray beam is limited by the collimators C1 and C2. The
sample holder is rotated around its axis, starting from the angle 𝜃i with a step width Δ𝜃, up
to the final Bragg angle 𝜃f . Simultaneously, the angle between the detector and the incident
beam is varied, starting from 2𝜃i with a step width of 2Δ𝜃, up to the final scattering angle
of 2𝜃f . The width of the reflected beam is limited by the collimators C3 and C4. The nickel
filter, used to absorb most of the K𝛽 line and the undesired bremsstrahlung background,
is positioned between the collimators C3 and C4. The positions of the diffracted X-ray
beams satisfy the Bragg condition. The intensities of the scattered X-rays are plotted as a
function of the scattering angle 2𝜃. In addition to the determination of the crystal structure
of a newly discovered superconductor, impurity phases present can be detected by X-ray
powder diffraction.
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Figure 6.5 Sketch of X-ray powder diffraction

The geometrical theory of diffraction described so far is sufficient to determine the lattice
constants of the sample. The observed intensities of the scattered beams provide additional
information about the occupation of the lattice sites. This information can be extracted by
a comparison of calculated and measured intensities. The intensity of the diffracted X-rays
is proportional to the structure factor F(hkl) [3]

F(hkl) =
∑
j

fj exp(−i2𝜋(xjh + yjk + zjl)) (6.2)

where the summation is over all atoms in the unit cell, fj is the atomic form factor, i2 = −1,
h, k, l are the Miller indices, and the coordinates xj, yj, and zj give the position of the jth
atom in the unit cell. The atomic form factor is an atomic property mainly determined by
the local electron concentration.

6.2.5 Neutron Diffraction

The neutrons and the atomic nuclei interact via the strong interaction. The scattering of
neutrons at the atomic nuclei in a solid provides in principle the same information as
X-ray diffraction. The X-rays interact with the electrons of the atoms, and hence their
scattering depends strongly on the atomic number (proton number). X-rays are only
weakly scattered by light atoms, whereas they are strongly scattered by heavy atoms with
a large atomic number. In contrast, neutron scattering depends only weakly on the atomic
mass, and hence can provide information on the positions of light atoms in the lattice.
Furthermore, the interaction of the magnetic moment of the neutron with the ordered
magnetic moments, for example in an antiferromagnetic solid, provides information on
the magnetic unit cell of the solid. In antiferromagnetic solids, the magnetic structure is
different from the crystal structure. Frequently, the magnetic moment of adjacent atoms
changes its sign, and hence the distance of magnetically identical atoms is larger than that
of crystallographic identical atoms.
The wavelength of neutrons is given by the formula 𝜆 = 0.0286∕E0.5, where 𝜆 is the

wavelength of the neutrons in nanometers and E their kinetic energy in electron-volt (eV).
An energy of 80meV leads to a wavelength of 0.1 nm, which is comparable to the inter-
atomic distances in a solid. Because of the low energy of the neutrons, inelastic scattering
can be used to study excitations (e.g., phonons, magnons) in a solid. As an example, let us
consider the generation or destruction of a phonon in an inelastic scattering process. For
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inelastic scattering, the Bragg condition can be written as

k = k′ +Ghkl ± q (6.3)

where k is the wave vector of the incident neutron beam, k′ the wave vector of the scattered
beam, Ghkl a reciprocal lattice vector, and q the wave vector of the phonon. The plus sign
describes the generation of a phonon, while the minus sign corresponds to the destruction
of a phonon. In addition, energy must be conserved in the scattering process

ℏ
2k2

2mn
= ℏ

2k
′2

2mn
± ℏ𝜔(q) (6.4)

Here 𝜔 is the angular frequency of the phonon. A more detailed description of elastic and
inelastic neutron scattering can be found in Ref. [4].

6.3 Crystal Structures of the Cuprate High-Temperature Superconductors

6.3.1 The Crystal Structure of La2CuO4

The crystal structures of many cuprate high-temperature superconductors have been
determined by means of X-ray powder diffraction. In addition, the technique provides
information on the phase purity of the considered sample, and can be used to optimize
the preparation conditions for the synthesis of the cuprate superconductor in question. It
therefore seems useful not only to describe the crystal structure, but also to show typical
X-ray powder diffraction patterns. In Figure 6.6, the X-ray powder diffraction pattern of
La2−xSrxCuO4 (x = 0.15) is shown. The sketch is based on measurements using Ni-filtered
Cu K𝛼 radiation [5]. All peaks can be assigned to the La-214 phase, and most of them are
labeled with the corresponding Miller indices.
The tetragonal unit cell of La2−xSrxCuO4 is shown in Figure 6.7. The lattice parameters

are a = 0.3779 nm and c = 1.3200 nm for x = 0.15 [6]. Characteristic features of La2CuO4
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a
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O
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Figure 6.7 Body-centered tetragonal unit cell of the crystal structure of La2−xSrxCuO4
(adapted from [6])

are the CuO2 planes at the top, the bottom, and in the center of the unit cell. This square
coordinated CuO2 layers are a common feature of all cuprate high-Tc superconductors. The
current in the normal as well as in the superconducting state flows along the CuO2 planes,
which are therefore called conduction planes. In La2CuO4, the CuO2 sheets are separated
by insulating double layers of LaO. As shown for the copper ion in the center of the unit
cell, each of the copper ions is in the center of an extremely elongated oxygen octahedron.
However, the results of band structure calculations indicate that the copper–oxygen inter-
actions along the c axis are small [7]. The normalized positions of all atoms in the unit cell
are listed in Table 6.2. The unit cell contains two formula units.
The crystal structure of La2CuO4 belongs to the space group I4/mmm. Omitting the posi-

tions of equivalent atoms, and taking into account the symmetry properties, it is sufficient to
provide the normalized positions of only four atoms. This minimum set of atomic positions
is presented in Table 6.3.
For each of the atomic positions provided in Table 6.3, there exists an equivalent

site at the position z′ = 1 − z. From the symmetry operation, called body centering,
additional atom positions at x′ = x ± 1∕2, y′ = y ± 1∕2; z′ = z ± 1∕2 are resulted. Applying
this symmetry operation exchanges edge and centered atoms. Face atoms are moved to
another face site.

6.3.2 The Crystal Structure of YBa2Cu3O7−𝜹

Next, let us consider the crystal structure of YBa2Cu3O7−𝛿 , the currently most important
high-temperature superconductor for magnet and power applications. A sketch of the
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Table 6.2 Normalized atom positions in the tetragonal unit cell of La1.85Sr0.15CuO4 (the
lattice constants are a= 0.3779mm and c=1.3200 nm (data from [6]))

Atoms x y z Atoms x y z

La or Sr 0 0 −0.361 O 0 −0.5 −0.5
La or Sr −0.5 0.5 −0.139 O −0.5 0 −0.5
La or Sr 0.5 0.5 −0.139 O 0 0.5 −0.5
La or Sr 0.5 −0.5 −0.139 O 0.5 0 −0.5
La or Sr −0.5 −0.5 −0.139 O −0.5 0.5 −0.316
La or Sr −0.5 0.5 0.139 O 0.5 0.5 −0.316
La or Sr 0.5 0.5 0.139 O 0.5 −0.5 −0.316
La or Sr 0.5 −0.5 0.139 O −0.5 −0.5 −0.316
La or Sr −0.5 −0.5 0.139 O 0 0 −0.184
La or Sr 0 0 0.361 O 0 −0.5 0
Cu −0.5 0.5 −0.5 O −0.5 0 0
Cu 0.5 0.5 −0.5 O 0 0.5 0
Cu 0.5 −0.5 −0.5 O −0.5 0 0
Cu −0.5 −0.5 −0.5 O 0 0 0.184
Cu 0 0 0 O −0.5 0.5 0.316
Cu −0.5 0.5 0.5 O 0.5 0.5 0.316
Cu 0.5 0.5 0.5 O 0.5 −0.5 0.316
Cu 0.5 −0.5 0.5 O −0.5 −0.5 0.316
Cu −0.5 −0.5 0.5 O 0 −0.5 0.5

O −0.5 0 0.5
O 0 0.5 0.5
O 0.5 0 0.5

Table 6.3 Minimum set of normalized atom positions required to
describe the unit cell of La2−xSrxCuO4 (data from [6])

Atoms x y z Comments

La or Sr 0 0 0.361 Edge atoms
Cu 0 0 0 Edge atoms
O1 0 0.5 0 Face-atoms
O2 0 0 0184 Edge atoms

typical X-ray powder diffraction is shown in Figure 6.8. The indicated Miller indices
are based on an orthorhombic unit cell with the lattice parameters a = 0.38218 nm,
b = 0.38913 nm, and c = 1.1677 nm [8]. X-ray and neutron powder diffraction data can
also be found in references [9–11]. A space group Pmmm is consistent with both X-ray and
neutron diffraction data. The crystal structure of the closely related nonsuperconducting
phase YBa2Cu3O6 can be described by a tetragonal unit cell (space group P4/mmm) of
nearly identical cell dimensions [7].
Figure 6.9 shows the orthorhombic unit cell of YBa2Cu3O7−𝛿 . The unit cell contains

the atoms corresponding to one formula unit. The presence of CuO chains along the crys-
tallographic b direction is a special feature of the crystal structure of YBa2Cu3O7−𝛿 . Each
copper atom in the CuO chains is surrounded by four oxygen atoms, as shown in Figure 6.9.
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Figure 6.8 Sketch of the typical Cu K𝛼 X-ray diffraction pattern of YBa2Cu3O7−x (data
from [8]). For most of the peaks, the Miller indices are indicated

a

b

c

Cu

o

Ba

Y

Figure 6.9 Orthorhombic unit cell of YBa2Cu3O7−𝛿 (adapted from [12]). The atomic positions
are listed in Table 6.4

As in other cuprate superconductors, CuO2 planes are present in the crystal structure. Two
CuO2 planes, separated by a layer of Y atoms, form the CuO2 blocks of Y-123. The slightly
different z positions of the copper and oxygen atoms lead to a buckling of the CuO2 planes.
Each of the copper atoms in the CuO2 layers is in the center of the basis of a pyramid
formed by five oxygen atoms (see Figure 6.9). Adjacent CuO2 blocks are separated by
double layers of BaO with embedded CuO chains.
Table 6.4 provides the normalized positions of the atoms in the unit cell of Y-123. The

Cu1 atoms together with the O4 atoms form the CuO chains. The lattice sites of the Cu2,
O2, and O3 atoms are all in the slightly buckled CuO2 planes. The oxygen atoms occupy
perovskite-like anion positions halfway between the copper ions. The O1 atoms are in
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Table 6.4 Normalized atom positions in the unit cell of
Y-123 (data from [13])

Atoms x y z Comments

Y 0.5 0.5 0.5 Centered atoms
Ba 0.5 0.5 ±0.183 Centered atoms
Cu1 0 0 0 Edge atoms
Cu2 0 0 ±0.355 Edge atoms
O1 0 0 ±0.159 Edge atoms
O2 0.5 0 ±0.378 Face atoms
O3 0 0.5 ±0.378 Face atoms
O4 0 0.5 0 Edge atoms

the BaO layers, with no oxygen atoms present in the Y layers. Frequently, the formula
Ba2YCu3O7−𝛿 is used instead of YBa2Cu3O7−x [8]. This alternative formula takes into
account that the Y layers separate the two CuO2 layers in the CuO2 blocks, like the Ca
layers in the Bi-, Tl-, and Hg-based cuprate superconductors.

6.3.3 The Crystal Structures of Bi-22(n− 1)n High-Temperature Superconductors

In this section, we will consider the crystal structures of the bismuth-based cuprate high-
temperature superconductors. There exists a series of compounds described by the chemical
formula Bi2Sr2Can− 1CunO2n+4. In single samples, the 2201, 2212, and 2223 phases may
coexist. It is therefore of importance to study the phase purity by X-ray powder diffraction.
In case of the Bi-2223 compound, it proved to be very difficult to synthesize single-phase
material without partial substitution of bismuth by lead.
We will discuss here only the crystal structures of Bi-2212 and Bi-2223, the two most

important bismuth-based cuprate superconductors. These two compounds are used in the
first generation of high-Tc superconducting wires and tapes.
X-ray powder diffraction data can be found for example in [14–16]. The X-ray powder

diffraction pattern of Bi-2212 is sketched in Figure 6.10. The Miller indices provided in
the figure are based on a pseudotetragonal unit cell with the lattice parameters a = b =
0.3830 nm and c = 3.071 nm [14]. The true symmetry of Bi-2212 is Fmmm or lower [7,
17]. The dimensions of the orthorhombic unit cell based on the space group Fmmm are
a = 0.5414, b = 0.5418, and c = 3.089 nm [17]. As a special feature, an incommensurate
superlattice structure with a period of 4.76 has been observed along the crystallographic b
direction [17].

Figure 6.11 shows a sketch of the X-ray powder diffraction pattern of (Bi,Pb)-2223
measured with Ni-filtered Cu K𝛼 radiation. The Miller indices are based on a tetragonal
unit cell with the lattice parameters a = 0.5411 nm and c = 3.707 nm [16]. In principle,
it would have been possible to use a pseudotetragonal unit cell with a lattice parameter
a′ = (1∕

√
2)a = 0.3826 nm, as in the case of Bi-2212, and an unchanged c lattice parame-

ter. It should be noted that, due to the use of different unit cells, the Miller indices provided
in Figures 6.10 and 6.11 are systematically different. For example, theMiller indices (1 1 3)
((Bi,Pb)-2223) and (1 0 3) (Bi-2212) correspond to analogous lattice planes.
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Figure 6.10 Sketch of the typical Cu K𝛼 X-ray diffraction pattern of Bi-2212 (data from
[14]). The Miller indices are based on a pseudotetragonal unit cell with the lattice parameters
a=b=0.3830 nm and c=3.071 nm
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Figure 6.11 Sketch of the typical Cu K𝛼 X-ray diffraction pattern of (Bi,Pb)-2223 (data from
[16]). The Miller indices are based on a pseudotetragonal unit cell with the lattice parameters
a=b=0.5411 nm and c=3.707 nm

In Figure 6.12, the pseudotetragonal unit cells of Bi-2212 and (Bi,Pb)-2223 are com-
pared. The CuO2 blocks of Bi-2212 are formed of two CuO2 sheets, separated by a layer
of Ca ions. Neighboring CuO2 blocks are sandwiched between charge carrier reservoirs
with the layer sequence SrO–BiO–BiO–SrO. The copper atoms in the CuO2 sheets are at
the center of the basal plane of a pyramid formed of five oxygen atoms. The Bi-2223 struc-
ture contains three CuO2 sheets in a single CuO2 block, which are separated by layers of
Ca ions. In the central CuO2 sheet, each copper atom is surrounded by four oxygen atoms.
The copper atoms in the outer CuO2 sheets are in the center of the basal plane of an oxygen
pyramid. Adjacent CuO2 blocks are separated by multilayers of SrO–BiO–BiO–SrO, as in
the case of Bi-2212. The insertion of an additional CuO2–Ca unit transforms the structure
of Bi-2212 to that of Bi-2223.
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Figure 6.12 Comparison of the pseudotetragonal unit cells of Bi-2212 (a ≅ 0.38 nm,
c ≅ 3.09 nm) and Bi-2223 (a ≅ 0.38 nm and c = 3.82 nm) (adapted from [12])

The normalized atom positions in the crystal structures of Bi-2212 and Bi-2223 are gath-
ered in Tables 6.5 and 6.6. The positions are based on pseudotetragonal unit cells (I4/mmm).
The application of the body-centering operation provides additional atom positions, as has
been already discussed for the crystal structure of La2−xSrxCuO4 in Table 6.3. In the unit
cells of Bi-2212 and Bi-2223, shown in Figure 6.12, the position z= 0 is in the central plane
of the unit cell.

6.3.4 The Crystal Structures of Tl-based High-Temperature Superconductors

There exist two families of Tl-based cuprate high-temperature superconductors. The chem-
ical formula of the members of the first family is Tl2Ba2Can− 1CunO2n+4 (Tl-22(n− 1)n).
The Tl-22(n− 1)n compounds are the counterparts of the Bi-22(n− 1)n cuprate super-
conductors. The second family of Tl-based cuprate high-temperature superconductors is
described by the chemical formula TlM2Can− 1CunOn+3 (Tl-12(n− 1)n), where the M
atoms are Sr or Ba.
As in the Bi-based superconductors, different Tl-based cuprate superconductors may

coexist in a single sample. X-ray powder diffraction is therefore a useful tool to ensure
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Table 6.5 Normalized atom positions for the pseudotetragonal unit cell
(I4/mmm) of Bi-2212 (the lattice parameters are a≅ 0.38 nm and c=3.09 nm
(data from [17]))

Atoms x y z Comments

Bi 0 0 0.199 Edge atomsa

Sr 0.5 0.5 0.109 Centered atomsa

Cu 0 0 0.054 Edge atomsa

Ca 0.5 0.5 0 Centered atomsa

O1 0 0.5 0.054 Face atoms
O2 0 0 0.12 Edge atomsa

O3 0.5 0.5 0.198 Centered atomsa

aAtoms at centered (edge) positions in z planes move to edge (centered) positions in z′ = z ± 0.5 planes.

Table 6.6 Normalized atom positions for the pseudotetragonal unit cell
(I4/mmm) of Bi-2223 (the lattice parameters a≅ 0.38 nm and c= 3.82 nm
(data from [18]))

Atoms x y z Comments

Bi 0 0 0.211 Edge atomsa

Sr 0.5 0.5 0.135 Centered atomsa

Cu1 0 0 0 Edge atomsa

Cu2 0 0 0.091 Edge atomsa

Ca 0.5 0.5 0.046 Centered atomsa

O1 0 0.5 0 Face atoms
O2 0 0.5 0.091 Face atoms
O3 0 0 0.161 Edge atomsa

O4 0.5 0.5 0.213 Centered atomsa

aAtoms at centered (edge) positions in z planes move to edge (centered) positions in z′ = z ± 0.5
planes.

that the sample under investigation contains only a single phase. Let us first consider
the X-ray powder diffraction patterns and the crystal structures of Tl-22(n − 1)n high-Tc
superconductors.
Figure 6.13 shows a sketch of the X-ray powder diffraction pattern of Tl2Ba2CuO6,

which is based on measurements using Cu K𝛼 radiation [19]. All reflections can be
indexed to an orthorhombic unit cell of space group Fmmm with the lattice parameters
a = 0.5473 nm, b = 0.5483 nm, and c = 2.328 nm.
In principle, the data are also consistent with a tetragonal crystal structure (space group

I4/mmm). In Figure 6.14, the tetragonal unit cell of Tl2Ba2CuO6 (Tl-2201) is shown. Each
of the conducting CuO2 blocks of Tl-2201 contains only a single layer of CuO2. Neigh-
boring CuO2 blocks are separated by BaO–TlO–TlO–BaO layers, which form the charge
carrier reservoirs of insulating character. Each copper atom is surrounded by six oxygen
atoms, forming an octahedron.
The positions of the atoms in the tetragonal unit cell are listed in Table 6.7. It should

be noted that, as in the case of the Bi-22(n− 1)n high-Tc superconductors, additional atom
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Figure 6.13 Sketch of the typical Cu K𝛼 X-ray diffraction pattern of Tl-2201 (data from [19]).
The Miller indices are based on an orthorhombic unit cell (a = 0.5473 nm, b = 0.5483 nm,
c = 2.328 nm)

c

Cu

O

Tl-2201 Tl

Ba

Figure 6.14 Body-centered tetragonal unit cell of Tl-2201 (I4/mmm) with the lattice param-
eters a = 0.387 nm and c = 2.328 nm (adapted from [12])
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Table 6.7 Normalized atom positions in the tetragonal unit cell (I4/mmm) of
Tl-2201 (the lattice parameters are a = 0.387 nm and c = 2.328 nm (data from
[7, 19]))

Atoms x y z Comments

Tl 0.5 0.5 0.203 Centered atomsa

Ba 0 0 0.083 Edge atomsa

Cu 0.5 0.5 0 Centered atomsa

O1 0 0.5 0 Face atoms
O2 0.5 0.5 0.117 Centered atomsa

O3 0 0 0.211 Edge atomsa

aAtoms at centered (edge) positions in z planes move to edge (centered) positions in z′ = z ± 0.5 planes.
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Figure 6.15 Sketch of the typical Cu K𝛼 X-ray diffraction pattern of Tl-2212 (data from [20]).
The Miller indices are based on a tetragonal unit cell (a = b = 0.544 nm, c = 2.955 nm)

positions are provided by body centering. The z = 0 plane is at the bottom of the tetragonal
unit cell shown in Figure 6.14.
A sketch of a typical X-ray powder diffraction pattern of Tl-2212 made with Cu K𝛼

radiation is shown in Figure 6.15. The Miller indices are based on a pseudotetragonal unit
cell (a = b = 0.544 nm, c = 2.955 nm) [20].
Figure 6.16 shows the tetragonal unit cell of Tl-2212 (space group I4/mmm). Note that

for the selected unit cell the lattice parameter a is only (1∕
√
2) × 0.544 nm = 0.385 nm. In

the unit cell of Tl-2212, the BiO double layers of their Bi-2212 counterparts are replaced by
TlO double layers, while the SrO layers present in Bi-2212 are replaced by BaO layers. As
in their Bi-2212 counterpart, the copper oxide blocks consist of two CuO2 sheets, separated
by a layer of Ca ions. Each Cu atom in the CuO2 planes is surrounded by a pyramid of five
oxygen atoms. The normalized positions of the atoms in the unit cell of Tl-2212 are listed
in Table 6.8.
The typical Cu K𝛼 X-ray powder diffraction pattern of Tl-2223 is sketched in

Figure 6.17. The Miller indices are based on a pseudotetragonal unit cell with the
lattice parameters a = b = 0.540 nm, c = 3.625 nm [20]. Figure 6.18 shows an X-ray
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Figure 6.16 Body-centered tetragonal unit cell of Tl-2212 (I4/mmm) with cell dimensions of
a = 0.385 nm and c = 2.955 nm (adapted from [21])

Table 6.8 Normalized atom positions in the tetragonal unit cell (I4/mmm) of
Tl-2212 (the lattice parameters are a≅0.39 nm and c≅2.94 nm (data from [7]))

Atoms x y Z Comments

Tl 0.5 0.5 0.21 Centered atomsa

Ba 0 0 0.12 Edge atomsa

Cu 0.5 0.5 0.05 Centered atomsa

Ca 0 0 0 Edge atomsa

O1 0 0.5 0.05 Face atoms
O2 0.5 0.5 0.15 Centered atomsa

O3 0 0 0.22 Edge atomsa

aAtoms at centered (edge) positions in z planes move to edge (centered) positions in z′ = z ± 0.5 planes.
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Figure 6.17 Sketch of the typical Cu K𝛼 X-ray diffraction pattern of Tl-2223 (data from [20]).
The Miller indices are based on a tetragonal unit cell (a = b = 0.540 nm, c = 3.625 nm)
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Figure 6.18 Sketch of the typical Co K𝛼 X-ray diffraction pattern of Tl-2234 (data from [21]).
The Miller indices are based on a tetragonal unit cell (a = 0.3851 nm and c = 4.201 nm)

powder diffraction pattern of Tl-2234. The measurements have been performed using
Co K𝛼 radiation (𝜆 = 0.1798 nm). The Miller indices are based on a tetragonal body-
centered unit cell (space group I4/mmm) with the lattice parameters a = 0.3851 nm and
c = 4.201 nm [21].

In Figure 6.19, the tetragonal unit cells of Tl-2223 (a = b = 0.382 nm, c = 3.625 nm)
and Tl-2234 (a = b = 0.385 nm and c = 4.201 nm) are compared. The sequence of the lay-
ers in the charge carrier reservoirs of Tl-2223 and Tl-2234 is BaO–TlO–TlO–BaO, which is
identical in all Tl-22(n− 1)n compounds (see Figures 6.14 and 6.16). However, the number
n of CuO2 sheets per copper oxide block increases from 2 in the Tl-2212 to 3 in Tl-2223
and 4 in Tl-2234. In all Tl-22(n− 1)n compounds with n ≥ 2, the CuO2 sheets in an indi-
vidual copper oxide block are separated by a layer of Ca ions. In principle, the insertion of
an additional (CuO2–Ca) block leads from Tl-22(n− 1)n to the next member Tl-22n(n+ 1)
of the Tl cuprate family.



Crystal Structures of Cuprate Superconductors 119

c

c

Cu

Ca

O

Tl-2223 Tl-2234

Tl

Ba

Figure 6.19 Body-centered tetragonal unit cells (I4/mmm) of Tl-2223 (a ≅ 0.38 nm,
c ≅ 3.63 nm) and Tl-2234 (a ≅ 0.39 nm, c ≅ 4.20 nm) (adapted from [22])

The normalized atom positions in the unit cells of Tl-2223 and Tl-2234 are listed in
Tables 6.9 and 6.10 [23–24]. For both compounds, the atom positions are based on a
body-centered tetragonal unit cell (I4/mmm).
As an example of the second family of thallium-based cuprate superconductors, we

consider TlBa2Ca2Cu3O9. A sketch of the X-ray powder diffraction pattern of Tl-1223
is shown in Figure 6.20 [25]. The crystal structure of Tl-1223 belongs to the space group
P4/mmm [22]. The primitive tetragonal unit cell of Tl-1223 is shown in Figure 6.21. Note
that in the primitive tetragonal unit cell, there is no exchange of edge and center atoms by
changing the z position from z to z′ = z ± 0.5. As in the Tl-2223 counterpart, the copper
oxide blocks consist of three CuO2 sheets. Neighboring CuO2 planes are separated by a
layer of calcium ions. In the central CuO2 sheet, each of the copper atoms is surrounded
by four oxygen atoms, while in the outer CuO2 planes, the copper atoms are in the cen-
ter of the basal plane of an oxygen tetrahedron. A common feature of the Tl-12(n− 1)n
compounds is a charge carrier reservoir containing a single TlO layer. The sequence of the
layers in the charge carrier reservoirs is BaO–TlO–BaO. The Tl-1212 compound contains
one (CuO2–Ca) unit less than Tl-1223. The normalized atom positions in the primitive
tetragonal unit cell are listed in Table 6.11.
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Table 6.9 Normalized atom positions in the tetragonal unit cell (I4/mmm) of Tl-2223
(the lattice parameters are a= 0.3845 nm and c≅ 3.567 nm (data from [23]))

Atoms x y z Comments

Tl 0 0 0.22 Edge atomsa

Ba 0.5 0.5 0.144 Centered atomsa

Cu1 0 0 0 Edge atomsa

Cu2 0 0 0.089 Edge atoms
Ca 0.5 0.5 0.05 Centered atomsa

O1 0 0.5 0 Face atoms
O2 0 0.5 0.088 Face atoms
O3 0 0 0.166 Edge atomsa

O4 0.5 0.5 0.22 Centered atomsa

aAtoms at centered (edge) positions in z planes move to edge (centered) positions in z′ = z ± 0.5 planes.

Table 6.10 Normalized atom positions in the tetragonal unit cell (I4/mmm) of
Tl-2234 (the lattice parameters are a=0.3850 nm and c=4.1984 nm (data from [24]))

Atoms x y z Comments

Tl 0.5 0.5 0.226 Centered atomsa

Ba 0 0 0.16 Edge atomsa

Cu1 0.5 0.5 0.038 Centered atomsa

Cu2 0.5 0.5 0.113 Edge atomsa

Ca1 0 0 0 Edge atomsa

Ca2 0 0 0.077 Edge atomsa

O1 0.5 0 0.038 Face atoms
O2 0.5 0 0.113 Face atoms
O3 0.5 0.5 0.178 Centered atomsa

O4 0.5 0.5 0.268 Centered atomsa

aAtoms at centered (edge) positions in z planes move to edge (centered) positions in z′ = z ± 0.5 planes.
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Figure 6.20 Sketch of the X-ray powder diffraction pattern of Tl-1223 (data from [25])
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Figure 6.21 Primitive tetragonal unit cell of Tl-1223 (adapted from [12])

Table 6.11 Normalized atom positions in the primitive tetragonal unit cell
(P4/mmm) of Tl-1223 (in the primitive unit cell edge and center, atoms do not
exchange their positions in different planes along the c direction. The lattice
parameters are a=b=0.384 nm and c=1.587 nm (data from [22]))

Atoms x y z Comments

Tl 0 0 0 Edge atoms
Ba 0.5 0.5 0.176 Centered atoms
Cu1 0 0 0.5 Edge atoms
Cu2 0 0 0.302 Edge atoms
Ca 0.5 0.5 0.397 Centered atoms
O1 0.5 0 0.5 Face atoms
O2 0.5 0 0.304 Face atoms
O3 0 0 0.132 Edge atoms
O4 0.5 0.5 0 Centered atoms

6.3.5 The Crystal Structures of Hg-based High-Temperature Superconductors

The mercury-based cuprates HgBa2Can− 1CunO2n+2 are structurally closely related to the
Tl-12(n− 1)n compounds. They are distinguished by the replacement of the TlO layers by
HgO layers. A sketch of the X-ray powder diffraction pattern of HgBa2CuO4 is shown in
Figure 6.22. The Miller indices are based on a primitive tetragonal unit cell with the lattice
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Figure 6.22 Sketch of the X-ray powder diffraction pattern of Hg-1201. The Miller indices
are based on a primitive tetragonal unit cell with the lattice parameters a = 0.388 nm and
c = 0.953 nm (data from [26])
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Figure 6.23 Primitive tetragonal unit cell of Hg-1201 (adapted from [12])

parameters a= 0.388 nm and c= 0.953 nm [26]. Hg-1201 crystallizes with the symmetry
of the space group P4/mmm [27–29].
The primitive tetragonal unit cell of Hg-1201 [27] is illustrated in Figure 6.23. In the

crystal structure of HgBa2CuO4, single CuO2 layers are sandwiched between charge carrier
reservoirs formed of a BaO–HgO–BaO block. Only 6.3% of the oxygen sites in the HgO
layers are occupied [28]. The copper atoms sit in the center of an oxygen octahedron. The
normalized atom positions in the primitive tetragonal unit cell are listed in Table 6.12.
Sketches of the X-ray powder diffraction patterns of Hg-1212 [30, 31] and Hg-1223

[32] are presented in Figures 6.24 and 6.25. All compounds of the mercury-based high-Tc
superconductor family Hg-12(n− 1)n crystallize with the symmetry of the space group
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Table 6.12 Normalized atom positions in the primitive tetragonal unit cell
(P4/mmm) of Hg-1201 (the lattice parameters are a=b=0.388 nm and
c= 0.951 nm (data from [28]))

Atoms x y z Comments

Hg 0 0 0 Edge atoms
Ba 0.5 0.5 0.299 Centered atoms
Cu 0 0 0.5 Edge atoms
O1 0.5 0 0.5 Face atoms
O2 0 0 0.207 Edge atoms
O3 0.5 0.5 0 Centered atoms
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Figure 6.24 Sketch of the X-ray powder diffraction pattern of Hg-1212 (Cu K𝛼 radiation).
The Miller indices are based on a primitive tetragonal unit cell with the lattice parameters
a = 0.3862 nm and c = 1.2707 nm (data from [30])
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Figure 6.25 Sketch of the X-ray powder diffraction pattern of Hg-1223 (Cu K𝛼 radiation).
The Miller indices are based on a primitive tetragonal unit cell with the lattice parameters
a = 0.3852 nm and c = 1.583 nm (data from [32])
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Cu
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Hg-1223
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Figure 6.26 Comparison of the primitive tetragonal unit cells of the Hg-12(n−1)n cuprate
superconductors with n = 2, 3, 4, and 5 (adapted from [12, 33])

P4/mmm. In this cuprate family, compounds with more than five CuO2 sheets per copper
oxide block have been successfully synthesized.
The crystal structures of the Hg-12(n− 1)n compounds for n in the range of 2–5 are com-

pared in Figure 6.26. In each of these compounds, neighboring CuO2 sheets within a single
copper oxide block are separated by layers of Ca ions. The sequence of the layers in the
charge carrier reservoirs is BaO–HgO–BaO, as in the single-layer compound Hg-1201. The
normalized atom positions in the primitive tetragonal unit cells of Hg-1212 [33], Hg-1223
[33], and Hg-1234 [34] are provided in Tables 6.13–6.15, respectively.

6.3.6 Lattice Parameters of Cuprate Superconductors

Most of the cuprate high-Tc superconductors discussed here crystallize with an orthorhom-
bic or tetragonal crystal structure [35–45]. In the former case, the difference between the
lattice parameters a and b is very small. Because of the common structural feature of the
CuO2 planes, the lattice parameters a and b are both close to 0.38 nm. In most of the cuprate
high-Tc superconductor families, the number of CuO2 sheets within the CuO2 blocks can
be varied from 1 to n, leading to a systematic increase of the c lattice parameter with
increasing n. In general, the lattice parameters of cuprate superconductors are intimately
connected with the exact chemical composition. The lattice parameters of a particular
cuprate superconductor therefore vary depending on the different synthesis conditions.
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Table 6.13 Normalized atom positions in the primitive tetragonal unit cell
(P4/mmm) of Hg-1212 (the lattice parameters are a=b=0.385 nm and
c= 1.275 nm (data from [33]))

Atoms x y z Comments

Hg 0 0 0 Edge atoms
Ba 0.5 0.5 0.22 Centered atoms
Cu 0 0 0.375 Edge atoms
Ca 0.5 0.5 0.5 Centered atom
O1 0 0.5 0.38 Face atoms
O2 0 0 0.154 Edge atoms
O3a 0.5 0.5 0 Centered atoms

aOnly 6% of O3 sites are occupied.

Table 6.14 Normalized atom positions in the primitive tetragonal unit cell
(P4/mmm) of Hg-1223 (the lattice parameters are a=b=0.385 nm and
c= 1.595 nm (data from [33]))

Atoms x y z Comments

Hg 0 0 0 Edge atoms
Ba 0.5 0.5 0.18 Centered atoms
Cu1 0 0 0.5 Edge atoms
Cu2 0 0 0.302 Edge atoms
Ca 0.5 0.5 0.4 Centered atom
O1 0 0.5 0.5 Face atoms
O2 0 0.5 0.304 Face atoms
O3 0.5 0.5 0 Centered atoms
O4a 0 0 0.124 Edge atoms

aOnly 6% of O4 sites are occupied.

Table 6.15 Normalized atom positions in the primitive tetragonal unit cell
(P4/mmm) of Hg-1234 (the lattice parameters are a=0.385 nm and
c= 1.894 nm (data from [34]))

Atoms x y z Comments

Hga 0 0 0 Edge atoms
Ba 0.5 0.5 0.144 Centered atoms
Cu1 0 0 0.248 Edge atoms
Cu2 0 0 0.415 Edge atoms
Ca1 0.5 0.5 0.329 Centered atoms
Ca2 0.5 0.5 0.5 Centered atoms
O1 0 0.5 0.251 Face atoms
O2 0 0.5 0.414 Face atoms
O3 0 0 0.091 Edge atoms
O4b 0.5 0.5 0 Centered atoms

aOnly 79% of the Hg sites are occupied.
bOnly 60% of O4 sites are occupied.
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Table 6.16 Lattice parameters of various cuprate high-Tc superconductors

Compound Symmetry a (nm) b (nm) c (nm) Tc (K)

La1.9Sr0.1CuO4 Tetragonal 0.3784 0.3784 1.3211 33 [36]
La1.875Sr0.125CuO4 Tetragonal 0.3778 0.3778 1.3216 36 [36]
La1.85Sr0.15CuO4 Tetragonal 0.3779 0.3779 1.3200 36 [6]
La1.85Sr0.15CuO4 Tetragonal 0.3779 0.3779 1.323 39 [36]
La1.775Sr0.225CuO4 Tetragonal 0.3771 0.3771 1.3247 29 [36]
La1.725Sr0.275CuO4 Tetragonal 0.3767 0.3767 1.3225 22 [36]
Nd1.85Ce0.15CuO3.93 Tetragonal 0.395 0.395 1.207 24 [12]
YBa2Cu3O6.67 Orthorhombic 0.3831 0.3889 1.1736 60 [36]
YBa2Cu3O6.9 Orthorhombic 0.3822 0.3891 1.1677 91 [8]
YBa2(Cu0.975Zn0.025)3O7 Orthorhombic 0.3820 0.3890 1.1673 62 [36]
YBa2(Cu0.95Zn0.05)3O7 Orthorhombic 0.3820 0.3885 1.1671 36 [36]
HoBa2Cu3O7 Orthorhombic 0.3846 0.3881 1.1640 92 [36]
YBa2Cu4O8 Orthorhombic 0.3839 0.3869 2.7243 80 [12]
HoBa2Cu4O8 Orthorhombic 0.3855 0.3874 2.7295 80 [36]
Bi2Sr2CuO6+𝛿 Orthorhombic 0.5361 0.5370 2.4369 8.5 [36]
Bi2(Sr1.6La0.4)CuO6+𝛿 Orthorhombic 0.5370 0.5400 2.450 23.5 [36]
Bi2.2Sr2Ca0.8Cu2O8+𝛿 Orthorhombic 0.5414 0.5418 3.089 84 [17]
Bi2Sr2CaCu2O8 Orthorhombic 0.5413 0.5411 3.091 89 [36]
Bi2Sr2CaCu2O8+𝛿 Orthorhombic 0.5408 0.5413 3.081 75 [36]
Bi2Sr2CaCu2O8+𝛿 Orthorhombic 0.5407 0.5415 3.0874 83 [37]
Bi2Sr1.5Ca1.5Cu2O8.19 Orthorhombic 0.5402 0.5408 3.0699 83 [37]
Bi2Sr1.5Ca1.5Cu2O8.22 Orthorhombic 0.5396 0.5400 3.0635 73 [37]
Bi2Sr1.5Ca1.5Cu2O8.22 Orthorhombic 0.5396 0.5404 3.0618 67 [37]
Bi2Sr2Ca0.9Y0.1Cu2O8.23 Orthorhombic 0.5408 0.5416 3.0807 90 [37]
Bi2Sr2Ca0.7Y0.3Cu2O8.30 Orthorhombic 0.5410 0.5425 3.0619 86 [37]
Bi2Sr2Ca2Cu3O10+𝛿 Orthorhombic 0.541 0.539 3.82 115 [18]
Bi1.7Pb0.25Sr1.47Ca2.54Cu3.1O10+𝛿 Orthorhombic 0.5411 0.5411 3.707 105 [16]
(Bi,Pb)2Sr1.72Ca2Cu3O10+𝛿 Orthorhombic 0.5392 0.5395 3.6985 111 [38]
(Bi1.6Pb0.4)Sr2Ca2Cu3O10 Orthorhombic 0.5413 0.5413 3.7100 107 [36]
Tl2Ba2CuO6 Tetragonal 0.3866 0.3866 2.3239 85 [36]
Tl2Ba2CuO6+𝛿 Orthorhombic 0.5473 0.5483 2.3277 93 [19]
Tl1.7Ba2Ca1.06Cu2.32O8+𝛿 Tetragonal 0.3857 0.3857 2.939 108 [12]
Tl2Ba2CaCu2O8 Tetragonal 0.3855 0.3855 2.9318 99 [36]
Tl2Ba2Ca2Cu3O10 Tetragonal 0.3850 0.3850 3.588 125 [36]
Tl1.64Ba2Ca1.87Cu3.11O10+𝛿 Tetragonal 0.3822 0.3822 3.626 125 [12]
Tl2Ba2Ca3Cu4O12+𝛿 Tetragonal 0.3850 0.3850 4.1984 114 [24]
Tl1.1Ba2Ca0.9Cu2.1O7.1 Tetragonal 0.3851 0.3851 1.2728 80 [39]
Tl1.1Ba2Ca1.8Cu3.0O9.7 Tetragonal 0.3843 0.3843 1.5871 110 [39]
TlBa2Ca3Cu4O12+𝛿 Tetragonal 0.3848 0.3848 1.9001 114 [40]
(Tl,Cr)Sr2(Ca,Tl)Cu2O7 Tetragonal 0.3816 0.3816 1.2022 100 [41]
(Tl0.5Pb0.5)Sr2CaCu2O7 Tetragonal 0.3802 0.3802 1.2107 80 [36]
(Tl0.5Pb0.5)Sr2Ca2Cu3O9 Tetragonal 0.3821 0.3821 1.5294 122 [36]
HgBa2CuO4+𝛿 Tetragonal 0.380 0.380 0.9509 94 [42]
HgBa2CaCu2O6+𝛿 Tetragonal 0.3859 0.3859 1.2657 123 [43]
HgBa2CaCu2O6+𝛿 Tetragonal 0.3856 0.3856 1.2652 121 [35]
HgBa2Ca2Cu3O8+𝛿 Tetragonal 0.3853 0.3853 1.5818 133 [35]
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Table 6.16 (continued)

Compound Symmetry a (nm) b (nm) c (nm) Tc (K)

HgBa2Ca2Cu3O8+𝛿 Tetragonal 0.3855 0.3855 1.5842 110 [44]
HgBa2Ca3Cu4O10+𝛿 Tetragonal 0.3854 0.3854 1.9006 126 [35]
HgBa2Ca4Cu5O12+𝛿 Tetragonal 0.3852 0.3852 2.2141 110 [45]
HgBa2Ca5Cu6O14+𝛿 Tetragonal 0.3852 0.3852 2.526 107 [45]
(Hg0.9Pb0.1)Ba2Ca2Cu3O8+𝛿 Tetragonal 0.3850 0.3850 1.5836 118 [44]
(Hg0.8Pb0.2)Ba2Ca2Cu3O8+𝛿 Tetragonal 0.3848 0.3848 1.5831 125 [44]
(Hg0.7Pb0.3)Ba2Ca2Cu3O8+𝛿 Tetragonal 0.3843 0.3843 1.5824 130 [44]
(Hg0.6Pb0.4)Ba2Ca2Cu3O8+𝛿 Tetragonal 0.3842 0.3842 1.5818 120 [44]
(Hg0.5Pb0.5)Ba2Ca2Cu3O8+𝛿 Tetragonal 0.3840 0.3840 1.5822 103 [44]
(Hg0.5Pb0.5)Ba2Ca4Cu5O12+𝛿 Tetragonal 0.3853 0.3853 2.2172 115 [12]
(Tl0.5Pb0.5)Sr2Ca2Cu3O9 Tetragonal 0.3815 0.3815 1.5280 118 [12]
BSr2Ca2Cu3O9+𝛿 Tetragonal 0.3821 0.3821 1.3854 75 [12]
BSr2Ca3Cu4O11+𝛿 Tetragonal 0.3836 0.3836 1.7082 110 [12]
BSr2Ca4Cu5O13+𝛿 Tetragonal 0.3837 0.3837 2.022 85 [12]
AlSr2Ca1.5Y0.5Cu3O9+𝛿 Tetragonal 0.3836 0.3836 1.4405 78 [12]
AlSr2Ca3Cu4O11+𝛿 Tetragonal 0.3839 0.3839 1.772 110 [12]
AlSr2Ca4Cu5O13+𝛿 Tetragonal 0.3845 0.3845 2.087 83 [12]

The c lattice parameters of the different members of the Tl-22(n− 1)n family are
approximately given by the formula c ≅ (1.7 + 0.62 n) nm [7]. The crystal structures of
all Tl-22(n− 1)n cuprate high-Tc superconductors are close to an ideal tetragonal structure
(symmetry group I4/mmm). The structures of the Tl-22(n− 1)n compounds are closely
related to those of their Bi-22(n− 1)n counterparts. However, the structural modulations
generally found in the bismuth-based compounds are missing.
The crystal structures of Tl-12(n− 1)n compounds are primitive tetragonal (space group

P4/mmm). Their lattice parameters are close to a ≅ 0.38 nm and c ≅ (0.63 + 0.32 n) nm.
Their mercury-based counterparts Hg-12(n− 1)n also crystallize with the symmetry of the
space group P4/mmm. The lattice parameters of the mercury-based compounds are a ≅
0.39 nm and c ≅ (0.95 + 0.32(n − 1)) nm [35].

A further aspect of importance is the systematically different distance of adjacent CuO2
blocks. In the Bi-22(n− 1)n and Tl-22(n− 1)n compounds, this distance is relatively large
as compared to Tl-12(n− 1)n and Hg-12(n− 1)n high-Tc superconductors. For example,
the distance between the CuO2 planes in Tl-2201 is 1.16 nm, but only 0.95 nm in Hg-1201.
The large distance between adjacent CuO2 blocks in the Bi-22(n− 1)n and Tl-22(n− 1)n
compounds seems to cause a weak superconducting coupling of adjacent CuO2 blocks,
which leads to a pronounced anisotropy of the superconducting properties.
The lattice parameters of various cuprate high-Tc superconductors are listed in

Table 6.16. The lattice parameters depend, like many other physical properties, on the
exact oxygen content, and hence on the synthesis conditions.
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7
Empirical Rules for the Critical

Temperature

7.1 Introduction

In Chapter 5, the cuprate high-Tc superconductors were described as complex
nonstoichiometric oxides, whose actual oxygen content depends on the heat treat-
ment conditions during synthesis. In addition, the charge carrier density in the conducting
CuO2 planes can be adjusted by a partial substitution of the host atoms in the charge carrier
reservoirs by atoms with a different valence. In this chapter, we will discuss the relations
between the charge carrier density in the CuO2 planes and the critical temperature in
various cuprate high-Tc superconductors. We will restrict our considerations to hole-doped
cuprate superconductors.
In Chapter 6, we considered the crystal structures of various families of cuprate high-Tc

superconductors. The different members of a homologous series of cuprate superconduc-
tors (e.g., Hg-12(n – 1)n) are distinguished by the number of CuO2 sheets within the copper
oxide blocks, which are separated by the layers of the charge carrier reservoirs. In con-
trast to the copper oxide blocks, the number of layers in the charge carrier reservoirs is
unchanged for the different members of a homologous series of cuprate superconductors.
In principle, it would be expected that an increasing number of CuO2 sheets within the
copper oxide blocks would be beneficial for superconductivity. In fact, the critical temper-
ature was found to increase with the number n of CuO2 sheets within the single copper
oxide blocks, for a certain family of cuprate superconductors, up to a maximum of Tc
which is typically reached for the compounds with n = 3. In this chapter, we will describe
the dependence of the critical temperature on the number of CuO2 sheets in the copper
oxide blocks.
As a direct consequence of the fact that the charge carrier density in the conducting CuO2

planes is intimately connected to the exact chemical composition, the critical temperature
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is also related to the lattice parameters. In addition, metal properties like the density of
states at the Fermi level depend on the lattice parameters. Hence, the critical temperature
depends on the lattice parameters even if the charge carrier density is not affected. The
easiest way to vary the lattice parameters is to apply pressure. We will, therefore, present
data on the pressure dependence of the critical temperature. An alternative to the application
of pressure is the replacement of larger ions by smaller ions of the same valence leading to
a chemical pressure.

7.2 Relations between Charge Carrier Density and Critical Temperature

The superconductivity of the cuprate high-temperature superconductors occurs in the CuO2
layers of the copper oxide blocks. The critical temperature is closely related to the formal
valence 2+ p of the copper atoms, where p is the number of mobile charge carriers. For the
insulating parent compounds, the formal valence of copper is 2, and, hence, p is zero. By
means of doping and oxygen nonstoichiometry, the value of p can be varied. For example, a
formal valence of 2.2means that the oxidation state of 20% of the copper atoms in the CuO2
planes is +3. These Cu3+ defects can move freely in the CuO2 planes and, therefore, have
to be considered as mobile holes. The critical temperature of the high-Tc superconductors
shows a parabolic dependence on the numberNh of holes per copper atom in the conduction
planes [1–6]. Empirically, it was found that the dependence of the critical temperature on
Nh can be well described by the expression [3, 4]

Tc = Tc,opt(1 − A(Nh − Nopt)2) (7.1)

where Tc is the critical temperature, Tc,opt is the maximum value of Tc for the cuprate in
question, A is a constant, Nh is the number of holes per CuO2, and Nopt is the number of
holes leading to Tc,opt. The maximum value of the critical temperature is typically reached
for Nh close to 0.16, and, hence, a formal copper valence of ≈2.16.
In Figure 7.1, the parabolic dependence of the critical temperature on the number

of holes per CuO2 unit is presented for YBa2Cu3O7−𝛿 [7], Y1−xCaxBa2Cu3O7−𝛿 [7],
Bi2Sr2CaCu2O8+𝛿 [8], and La2−xSrxCuO4+𝛿 [5]. The maximum critical temperature of
YBa2Cu3O7−𝛿 is 92K at Nopt = 0.16 holes per CuO2. The solid line is a fit to the Tc data
of YBa2Cu3O7−𝛿 and Y1−xCaxBa2Cu3O7−𝛿 using Equation 7.1. The fit provides A= 68.37
using fixed values of Tc,opt = 92 K and Nopt = 0.16.
The Bi-2212 data show again a parabolic dependence of Tc on the number of holes

per CuO2. The double-point dash line is a fit using Equation 7.1, which provides Tc,opt =
90.49 K, Nopt = 0.169, and A = 61.725.
The Tc data of La2−xSrxCuO4+𝛿 [5] can be well represented by the dashed line. The

parameters obtained from the fit are Tc,opt = 37.67 K, Nopt = 0.1845, and A = 47.33. An
interesting aspect is the fact that La2−xSrxCuO4+𝛿 is nonsuperconducting when the number
of the charge carriers per CuO2 unit is less than 0.05. The vanishing of superconductivity
in the case of an extremely small electrical conductivity in the normal state seems to be
plausible. An unexpected phenomenon is the transition to a nonsuperconducting metal for
Nh ≥ 0.32 holes per CuO2. Bi-2212 and Y-123 show a similar behavior.
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Figure 7.1 Critical temperatures of YBa2Cu3O7−𝛿 (Y-123), Y1−xCaxBa2Cu3O7−𝛿 (Y, Ca-123),
Bi2Sr2CaCu2O8+𝛿 (Bi-2212), and La2−xSrxCuO4+𝛿 (La-214) vs. the actual number of holes per
CuO2. The inverted parabolas are fits based on Equation 7.1 (results from [5, 7, 8])

In Figure 7.2, the Tc versus Nh curves of the first three members of the Hg-12(n− 1)n
family are compared. As in the case of Y-123, Bi-2212, and La-214, we find a parabolic
dependence of the critical temperature on the number of holes per CuO2 unit. The fit param-
eters, which provide the Tc(Nh) curves shown in Figure 7.2, are collected in Table 7.1.
The maximum values of Tc occur for Nopt values close to 0.16. The data suggest that Nopt
decreases slightly with increasing number n of CuO2 planes in the copper oxide blocks.
The factor A and Tc,opt increase with increasing number n of CuO2 planes in the copper
oxide blocks. Above a carrier concentration of ≈0.3 holes per CuO2, the Hg-12(n− 1)n
compounds do not superconduct. For very low carrier concentrations (Nh < 0.05), the
Hg-12(n− 1)n compounds are nonsuperconducting, like other cuprates.
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Figure 7.2 Critical temperatures of HgBa2CuO4+𝛿 (Hg-1201), HgBa2CaCu2O6+𝛿 (Hg-1212),
and HgBa2Ca2Cu3O8+𝛿 (Hg-1223) vs. the actual number of holes per CuO2. The inverted
parabolas are fits based on Equation 7.1 (results from [9–12])

Table 7.1 Fit parameters describing the Tc(Nh) curves of
Hg-1201, Hg-1212, and Hg-1223

Compound Tc,opt(K) Nopt A

Hg-1201 95.38 0.170 42.86
Hg-1212 125.23 0.16a 43.90
Hg-1223 133.37 0.15a 45.61

aFixed value.
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7.3 Effect of the Number of CuO2 Planes in the Copper Oxide Blocks

Typically, the maximum possible critical temperature in the different families of cuprate
superconductors is reached for the member with three CuO2 planes in a single cop-
per oxide block. In Figure 7.3, this behavior is illustrated for Bi-22(n− 1)n [13–15],
Tl-22(n− 1)n [15–17] and (Hg,Tl)-22(n− 1)n [18]. The critical temperature of Bi-2201 is
well below 20K, while (Hg,Tl)-2201 is nonsuperconducting. In the compounds Bi-2212
and (Hg,Tl)-2212 with two CuO2 planes in the copper oxide blocks, the critical tempera-
ture is much higher and exceeds 80K. The critical temperature of 92K of YBa2Cu3O7−𝛿
is comparable to the Tc-values of Bi-2212 and (Hg,Tl)-2212. In all cuprate families
considered, the highest Tc is reached for the compound with three CuO2 planes in the
copper oxide blocks. For n ≥ 4, the Tc-values are well below the corresponding maximum
values, and tend to decrease further for (Hg,Tl)-2245. The Tl-22(n− 1)n compounds
show higher critical temperatures than the members of the other two cuprate families.
In particular, the Tc of Tl-2201 is as high as 92K. It can be seen that Tc increases with
number n of CuO2 planes up to n = 3. However, for n ≥ 4, the number of charge carriers
provided by the charge carrier reservoirs may no longer be sufficient to reach the optimum
hole concentration in the CuO2 planes. Furthermore, the inner and outer CuO2 planes
in compounds with n ≥ 3 are structurally not equivalent. The outer planes are in direct
contact with the layers of the charge carrier reservoirs, while the inner planes are not.
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Figure 7.3 Critical temperature of M-22(n−1)n (M=Bi, Tl, and Hg & Tl) vs. the number
of CuO2 planes in a single copper oxide block (data from [13–18]). Typically, the maximum
of Tc has been achieved in the compound with three CuO2 planes per copper oxide block.
For comparison, the critical temperature of YBa2Cu3O7− x (two CuO2 layers per copper oxide
block) is also shown
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In several MBa2Can−1CunOx (M=Hg, Tl, (Cu,C)) andMSr2Can−1CunOx (M= (Hg,Cr),
(Cu,Cr)) cuprate superconductor families it is possible to synthesize compounds with five
or even more CuO2 planes in a single copper oxide block. Of special importance is the
dependence of the critical temperature on n for n ≥ 5. In Figure 7.4, the critical tempera-
tures of various M-12(n− 1)n compounds are presented. In the (Cu,Cr)-12(n− 1)n cuprate
family, the critical temperature decreases with increasing n for n > 3, and the compounds
do not superconduct for n = 8 and 9. (Hg,Cr)-12(n− 1)n shows for n = 4 and 5 a similarly
pronounced decrease in Tc as the corresponding members of the (Cu,Cr)-12(n− 1)n fam-
ily. However, no Tc data for larger n are available. A very interesting behavior was found
for the Hg-12(n− 1)n family. As usual Tc reaches a maximum for n = 3 decreases up to
n = 6, while for n, from 7 to 9, the critical temperature is constant and as high as 100K to
the first approximation. For n in the range of 4–6, the reductions of the critical tempera-
tures in the Tl-12(n− 1)n and (Cu,C)-12(n− 1)n families are similar to those found in the
Hg-12(n− 1)n system.
The observed behavior of the critical temperature in the (Cu,Cr)-12(n− 1)n family would

be in line with the assumption that the charge carriers are more or less uniformly distributed
among the CuO2 planes in the copper oxide blocks. For n ≥ 8, the number of charge carri-
ers provided by the charge carrier reservoirs is no longer sufficient to reach the minimum
number of around 0.05 holes per CuO2 necessary to establish superconductivity. On the
other hand, the fact that in the Hg-12(n− 1)n family the critical temperature of the com-
pounds with n in the range of 6–9 are all close to 100K suggests that the charge carriers are
nonuniformly distributed among the CuO2 planes in the copper oxide blocks. The observed
behavior would be consistent with a number of holes per CuO2 in the outer planes, which
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vs. the number of CuO2 planes in a single copper oxide block (results from [19–25])
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is sufficient to generate superconductivity in the outer CuO2 planes closest to the charge
carrier reservoirs, whereas the number of holes per CuO2 in the inner CuO2 planes is too
small for superconductivity.
Experimental evidence for this scenario has been found from 63Cu and 65Cu nuclear

magnetic resonance (NMR) [26, 27] and muon spin rotation (𝜇SR) studies [28, 29].
Kotegawa et al. performed systematic studies of the 63Cu Knight shift in cuprate
high-temperature superconductors with three and more CuO2 planes in a single copper
oxide block [26]. Before presenting the results of their investigations, let us briefly
consider NMR which is based on the interaction of a nonzero nuclear spin with an applied
magnetic field. Due to the applied magnetic field (Ba), each energy level splits into 2I + 1
sublevels with the energies

EM = −𝛾ℏBaM (7.2)

where 𝛾 is the gyromagnetic ratio and the value of the quantum numberM varies between
−I and I. Depending on whether the value of the nuclear spin is an integer or half-integer,
M is also integer or half-integer. For I = 3∕2, the possibleM values are −3∕2,−1∕2,+1∕2,
and +3∕2. The NMR lines originate from transitions between these sublevels. NMR pro-
vides information on the microscopic environment of the atomic nucleus being considered.
The applied magnetic field interacts with the electrons around the nucleus. In a diamag-
netic system, the applied magnetic field is lowered, while in a paramagnetic system, it
is enhanced. The shift of the NMR lines is related to the fact that the applied magnetic
field Ba is modified Bn = (1 − 𝜎c)Ba at the nucleus, where 𝜎c is called the chemical shift.
Typical values of the chemical shift 𝜎c are between 10−3 and 10−6. The Knight shift is
caused by the interaction of the nucleus with the polarized conduction electrons, which
also causes the Pauli spin susceptibility discussed in Chapter 4. For s-wave electrons,
which have a finite probability to be found at the position of the nucleus, the Knight shift
is [30]

K = Δ𝜔
𝜔

= 2
3
𝜒P

|𝜓(0)|2
N

(7.3)

where 𝜒P is the Pauli spin susceptibility, |Ψ(0)|2 the probability to find the electron at
the nucleus, and N is the average electron density. The Knight shift is typically of the
order of a few tenth of a percentage. An introduction to NMR can be found in [30].
The results of Kotegawa et al. [26] indicate that the holes provided by the charge carrier
reservoirs are distributed in a nonuniform way among the CuO2 planes in cuprates with
three or more CuO2 planes in the copper oxide blocks. In general, the number of holes
doped into the outer planes adjacent to the charge carrier reservoirs is larger than that
introduced to the inner layers. The apical oxygen atoms above the copper atoms of the
outer CuO2 planes seem to be responsible for the preferred insertion of holes into these
layers. The fractions of holes in a single inner or outer CuO2 layer versus the average
number of holes per CuO2 (Nh,total/n) are presented in Figure 7.5. The data are based
on the assumption that 2fop + (n − 2)fip = 1. This means that in the systems with n = 5,
where the central CuO2 plane (ip∗) is not equivalent to the other two inner planes (ip),
a possible difference of Nh(ip) and Nh(ip∗) has been neglected. The distribution of the
holes among the inner and outer layers becomes increasingly nonuniform with increasing
average number of holes per CuO2 unit. For compounds with three CuO2 layers per
copper oxide block, the difference of the fractions fip and fop is less pronounced than in
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Figure 7.5 Fraction of the holes in the inner and outer layers of cuprate superconductors with
three to five CuO2 planes in the copper oxide blocks (data from [26]). The nonuniformity of
the distribution of the charge carriers on the inner and outer layers increases with increasing
average number of holes per CuO2

compounds with four or five CuO2 planes in the copper oxide blocks, as illustrated in
Figure 7.5.
Investigations of HgBa2Ca4Cu5Oy by means of 𝜇SR are in line with a nonuniform dis-

tribution of the holes among the inner and outer CuO2 planes. More interestingly, these
results [28, 29] suggest that, in this compound, superconductivity and antiferromagetism
coexist on a microscopic level. The nearly optimally doped outer planes are responsible for
bulk superconductivity below 108K, while the strongly underdoped inner planes undergo
a transition to antiferromagnetism below 60K.

7.4 Effect of Pressure on the Critical Temperature

The investigation of the dependence of the critical temperature on pressure is useful in the
search for new superconductors with further enhanced Tc-values. Very soon after the dis-
covery of high-temperature superconductivity in La2−xBaxCuO4 (La-214), it was found
that the critical temperature of this cuprate increases rapidly with the applied pressure
(dTc∕dp = +8 K∕GPa). The large effect of pressure on Tc prompted Chu and co-workers
to replace the La3+ ions with smaller Y3+ ions, leading to the discovery of YBa2Cu3O7−𝛿
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[31], the first superconductor with a Tc well above the boiling point of liquid nitrogen.
Another highlight is the fact that the critical temperature of HgBa2Ca2Cu3O8+𝛿 , which
is as high as 135K at ambient pressure, can be increased to ≈160 K under high pressure
[11]. No substitution has yet been found to reach a similarly high critical temperature at
ambient pressure.
As a starting point for the further considerations, wemay assume that the pressure depen-

dence of the critical temperature is caused only by the pressure dependence of the number
of holes (Nh) per CuO2 [32]. Using Equation 7.1, we find

dTc
dp

=
(
dTc
dNh

)(
dNh

dp

)
= −2ATc,opt(Nh − Nopt)

dNh

dp
(7.4)

Here, Nh is the actual number of holes per CuO2, Nopt is the number of holes per CuO2
leading to the maximum critical temperature (Tc,opt). This charge transfer model can be
improved by taking into account an additional intrinsic strain effect, which describes the
change of the critical temperature originating from the change in the lattice parameters
[32]. With this modification, we find

dTc
dp

=
(
dTc
dp

)
in

+
(
dTc
dNh

)(
dNh

dp

)
(7.5)

The use of Equation 7.1 and the assumption that A and Nopt are independent of pressure
lead to

dTc
dp

=
dTc,opt
dp

(1 − A(Nh − Nopt)2) −
dNh

dp
(2ATc,opt(Nh − Nopt)) (7.6)

For nearly optimally doped samples, Nh ≅ Nopt the quadratic term in (Nh − Nopt) can be
neglected, and we obtain

dT
c

dp
=

dTc,opt
dp

−
dNh

dp
(2ATc,opt(Nh − Nopt)) (7.7)

This modified charge transfer model is a useful starting point, but does not include all
the complex phenomena which have been observed in the cuprate superconductors. In
La2−xBaxCuO4, the pressure dependence of Tc is affected by a phase transition to a low
temperature tetragonal phase below 60K, which is detrimental for the critical temperature.
The application of high pressures as large as 12GPa seems to suppress this phase transi-
tion, leading to large values of dTc∕dp [32]. Another aspect of importance is the ordering of
oxygen defects. For example in underdoped YBa2Cu3O7−x, the critical temperature could
be sharply reduced by quenching of the sample in liquid nitrogen. The reduction of Tc is
caused by a lowered carrier concentration in the CuO2 planes caused by the reduced local
order of oxygen defects in the CuO chains of the Y-123 compound [32].
In Figure 7.6, the critical temperature of Bi-based high-Tc superconductors is shown as a

function of hydrostatic pressure. In Bi-2212 as well as Bi,Pb-2223, the critical temperature
increases with increasing pressure. The pressure derivatives of the critical temperature are
in the range of 0.93–1.92 K∕GPa.
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Figure 7.6 Critical temperature of Bi-2212 and Bi,Pb-2223 vs. hydrostatic pressure. In both
bismuth-based high-Tc superconductors, the critical temperature increases moderately with
applied pressure (results from 33–35])

The pressure dependences of the critical temperatures of Tl-2201, Tl-2212, and Tl-2223
are compared in Figure 7.7. The critical temperature of the overdoped Tl-2201 decreases
with increasing hydrostatic pressure. In Tl-2201, oxygen ordering effects are of impor-
tance, and the critical temperature depends on the full temperature and pressure history.
The intrinsic pressure dependence (dTc∕dp)in is positive [32]. The other Tl-based high-Tc
superconductors show an initial increase of Tc with increasing pressure. For the optimally
doped Tl-2223, characterized by a Tc of ≈129 K, the pressure derivative dTc∕dp is smaller
than that for Tl-2223 compounds with initial Tc of approximately 100 and 116 K. For these
Tl-2223 compounds with nonoptimized concentration of holes in the CuO2 planes, the
change of the carrier density with pressure increases Tc.
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Figure 7.7 Critical temperature of thallium-based high-Tc superconductors vs. hydrostatic
pressure. In contrast to other cuprate superconductors, the Tc of Tl-2201 decreases with
increasing pressure. This behavior has been attributed to charge re-distribution effects in
this overdoped cuprate superconductor. Note the different scale for Tl-2201 (results from
[34–38])

Figure 7.8 illustrates the pronounced increase of the critical temperature of Hg-1201,
Hg-1212, and Hg-1223 with increasing hydrostatic pressure. The data of different experi-
ments show a considerable variation of the Tc of Hg-1223 at high pressure. The extremely
high critical temperatures above 160K, reported by Gao et al. [11], have been attributed to
the presence of shear stress in this quasi-hydrostatic pressure experiment. The maximum
values of Tc in the different compounds are 117K at 23GPa in Hg-1201, 152K at 29GPa
in Hg-1212, and 164K at 31GPa in Hg-1223.
The next aspect to be considered is the initial slope of Tc versus pressure for nearly

optimally doped Hg-based high-Tc superconductors. The data for hydrostatic pressures
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Figure 7.8 Critical temperature of mercury-based high-Tc superconductors vs. hydrostatic or
quasi-hydrostatic pressure. The critical temperature of Hg-1223 increases up to 164K at a
pressure of 31GPa (results from [11, 35, 36])

up to 1GPa are presented in Figure 7.9. An interesting aspect is the observation that
dTc∕dp for the Hg-12(n− 1)n compounds with n between 1 and 3 are nearly identical.
The measurements of Klehe et al. [39] are consistent with a value of +1.75K/GPa in
all three Hg-based compounds. Their relative volume derivatives d lnTc∕d lnV are close
to −1.2 [32]. For optimally doped Y-123, Tl- and Bi-based superconductors, intrinsic
relative volume derivatives d lnTc∕d lnV close to −1.2 have also been found, leading to
the following volume dependence [32]:

Tc ∝ V−1.2 (7.8)

The measured initial values of the pressure derivative of various high-Tc super-
conductors are shown in Table 7.2 [11, 33–44]. These values are for hydrostatic or
quasi-hydrostatic pressure experiments on optimally and nonoptimally doped cuprate
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Figure 7.9 Critical temperature of mercury-based high-Tc superconductors vs. hydrostatic
pressure up to 1GPa. The initial pressure derivatives of the first three members of the
Hg-12(n−1)n family are nearly identical (results from [39, 40])

high-Tc superconductors. The measured pressure derivatives dTc∕dp depend strongly on
the doping level of the investigated sample. Typically, the pressure derivatives of Tc of
optimally doped samples are considerably smaller than those of nonoptimally doped sam-
ples. For example, the pressure derivative of Tl-2223 varies from 1.7K∕GPa (Tc ≅ 129 K)
for the nearly optimally doped sample to 5 K∕GPa for a sample with a critical temperature
of only 99.5 K.
In hydrostatic pressure experiments, the unit cell is compressed along all three principal

crystallographic axes. The observed intrinsic pressure effect, leading to an increase of the
critical temperature with decreasing volume, may be caused either by the reduction of the
area of the CuO2 planes or by the reduction of the distance of adjacent CuO2 planes along
the c direction. To distinguish between these two possibilities, uniaxial pressure experi-
ments are required. For the determination of the pressure derivatives dTc∕dpa, dTc∕dpb,
and dTc∕dpc (indices a, b, c identify the crystallographic axes), single crystals of high
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Table 7.2 Initial slope of the Tc vs. p curves of various cuprate high-Tc superconductors

Compound dTc∕dp(K∕GPa) Comments Reference

YBa2Cu3O6+x 0.4 x = 1 [42]
4.3 0.4 ≤ x ≤ 0.8 [42]
8.0 x ≈ 0.35 [42]

YBa2Cu3O6+x 13.7 x = 0.63 [43]
7.0 x = 0.73 [43]
2.2 x = 0.93 [43]

YBa2Cu4O8 5.5 [44]
GdBa2Cu4O8 4.5 [44]
Bi2Sr2CaCu2O8+x 1.4 x = 0.11 [33]

1.5 x = 0.15 [33]
1.6 x = 0.24 [33]

Bi2Sr2CaCu2O8 1.6 Polycrystalline [34]
1.9 Single crystal [34]

Bi1.6Pb0.4Sr2Ca2Cu3O10 1.7 [34]
Bi1.68Pb0.32Sr1.75Ca1.85Cu2.65O10+x 1.1 p ≤ 3 GPa [35]
Tl2Ba2CuO6+x −5.4 p ≤ 8 GPa [35]
Tl2Ba2CaCu2O8+x 1.8 [35]
Tl2Ba2Ca2Cu3O10+x 5.0 Tc(0) = 99.5 K [34]
Tl2Ba2Ca2Cu3O10+x 4.4 Tc(0) ≅ 116 K [36]
Tl2Ba2Ca2Cu3O10+x 1.7 Tc(0) ≅ 129 K [37]
(Tl,Pb,Bi)1(Sr,Ba)2Ca2Cu3O9 0.13 Tc(0) ≅ 116 K [38]
HgBa2CuO4+x 1.95 Tc(0) ≅ 96 K [11]
HgBa2CuO4+x 1.72 Tc(0) ≅ 98 K [39]
HgBa2CaCu2O6+x 1.80 Tc(0) = 126.6 K [39]
HgBa2CaCu2O6+x 1.9 Tc(0) = 126 K [11]
HgBa2CaCu2O6+x 1.63 Tc(0) ≅ 109 K [40]
HgBa2Ca2Cu3O8+x 3.3 Tc(0) ≅ 134 K [11]
HgBa2Ca2Cu3O8+x 2.0 Tc(0) ≅ 134 K [35]
HgBa2Ca2Cu3O8+x ≈0.8 Tc(0) ≅ 135 K [41]
HgBa2Ca2Cu3O8+x 1.71 Tc(0) ≅ 134 K [39]
HgBa2Ca2Cu3O8+x 2.24 Tc(0) ≅ 133 K [40]

quality and sufficient size are required. Welp et al. [45] have reported a direct measurement
of the changes of Tc caused by uniaxial pressure along the main crystallographic axes of
an untwinned single crystal of YBa2Cu3O7−x. They found dTc∕dpa = −2.0 ± 0.2 K∕GPa,
dTc∕dpb = +1.9 ± 0.2 K∕GPa and dTc∕dpc = −0.3 ± 0.1 K∕GPa. The results show a pro-
nounced in-plane pressure effect of opposite sign along the a and b axes, which nearly
cancel. On the other hand, the uniaxial pressure effect along the c direction is very small.
Another way to determine the uniaxial pressure dependence of YBa2Cu3O7−x was used

by Meingast et al. [46]. They performed ultra-high-resolution measurements of thermal
expansion along the main crystallographic axes. Using the Ehrenfest relationship

dTc
dpi

=
Δ𝛼iVmTc
ΔCp

(7.9)
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Table 7.3 Critical temperature vs. uniaxial pressure data of various cuprate high-Tc
superconductors

Compound dTc∕dpi(K∕GPa) Comments Reference

YBa2Cu3O7−x −1.9 dTc∕d𝜀a = +217 K, p || a [46]
+2.2 dTc∕d𝜀b = −316 K,p || b
≈0 dTc∕d𝜀c = +30 K,p || c

pressure ⇒ 𝜀 negative
YBa2Cu3O7−x −2.0 ± 0.2 dTc∕d𝜀a = +230 K, p || a [45]

+1.9 ± 0.2 dTc∕d𝜀b = −220 K,p || b
−0.3 ± 0.1 dTc∕d𝜀c = +18 K,p || c

pressure ⇒ 𝜀 negative
C11/C22/C33 =231/268/186 GPa
C12/C13/C23 =132/71/95 GPa

YBa2Cu4O8 +3.7 − 5.0 p || a [47]
+0.3 − 0.4 p || b
0 ± 0.7 p || c

Bi2Sr2CaCu2O8+x 0.9 ± 0.1 p || a,b [48]
0.0 ± 0.4 p || c

Bi2Sr2CaCu2O8+x +1.5 p || a,b [49]
−4.5 p || c

Bi2Sr2CaCu2O8+x +1.6 ± 0.2 p || a [50]
+2.0 ± 0.2 p || b
−2.8 ± 0.9 p || c

HgBa2CuO4+x +2.3 ± 0.2 p || a,b [51]
−3.6 ± 0.3 p || c

where Δ𝛼i is the mean-field jump in the thermal expansion coefficient along the i direction
(i = a, b, c) at the superconducting transition,ΔCp is the jump in the specific heat, and Vm is
the molar volume. Using for ΔCpTc

−1, a value of 50 mJ mol−1K−2, they found dTc∕dpa =
−1.9 K∕GPa, dTc∕dpb = +2.2 K∕GPa and dTc∕dpc ≈ 0 K∕GPa. These data are in reason-
ably good agreement with the results published by Welp et al. [45].
Using the measured uniaxial pressure dependence, the strain dependences of the critical

temperature can be calculated
dTc
d𝜀i

= −
∑
j

Cji
dTc
dpj

(7.10)

Here, the Cjis are the components of the elastic tensor and 𝜀i is the strain along the direc-
tion i. The measured values of dTc∕dpi of various cuprate superconductors are listed in
Table 7.3.
Very recently, the dependence of the critical temperature of HgBa2CuO4+x on uniaxial

pressure has been measured by Hardy et al. [51]. Their results, also presented in Table 7.3,
indicate that the Tc of HgBa2CuO4+x can be enhanced by a reduction of the area of the
CuO2 planes. The Tc of this compound can also be increased by enlarging the distance
between the CuO2 planes. Hence, the most efficient way to reach higher critical temper-
atures is to increase the ratio c∕a. In Hg-1201, the copper oxide blocks are made up of a
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single CuO2 plane, and, hence, the c lattice parameter can be enlarged only by thickening
the BaO–Hg–BaO layers. The hydrostatic pressure derivative dTc∕dpmeasured in the mul-
tilayer compounds Hg-1212 and Hg-1223 is nearly identical to the value obtained in the
single-layer compound. This suggests that the positive effect of an enlarged c lattice param-
eter is related to a larger distance between adjacent copper oxide blocks, and not a larger
distance between adjacent CuO2 planes within a single copper oxide block [51].

7.5 Summary

The critical temperature of cuprate superconductors depends on the actual number of holes
per CuO2. The maximum critical temperature is typically reached for a carrier concentra-
tion around 0.16 holes per CuO2. In other words, the highest critical temperature occurs
for a formal valence of +2.16 of the copper atoms in the CuO2 planes. The maximum
critical temperature in different families of cuprate superconductors is typically reached in
the member with three CuO2 planes in a single copper oxide block. For more than three
such planes per block, the critical temperatures decrease with increasing number of CuO2
planes. The reasons for this are too small number of holes provided by the charge carrier
reservoirs, and a nonuniform distribution of the holes among the inner and outer CuO2 lay-
ers within the individual copper oxide blocks. The maximum critical temperatures which
can be achieved in different families of cuprate superconductors vary considerably. The
buckling of the copper oxide planes in YBa2Cu3O7−x or the structural modulations in
Bi-based superconductors seem to hinder very high Tc-values. A tetragonal structure and
plane CuO2 sheets, as found in the Hg-12(n− 1)n compounds, seem to favor high critical
temperatures. The results of hydrostatic and uniaxial pressure experiments indicate that the
critical temperature can be enhanced by reducing the area of the CuO2 planes. Very recent
results obtained for Hg-1201 suggest that a large c/a ratio is beneficial for achieving high
Tc-values.
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8
Generic Phase Diagram of Cuprate

Superconductors

8.1 Introduction

In this chapter, we will discuss the generic phase diagram of hole-doped cuprate high-Tc
superconductors. In Chapter 7, we have already discussed the bell-shaped dependence of
the critical temperature on the concentration of holes in the CuO2 planes. We will see that
the cuprate high-Tc superconductors are complex materials showing a wealth of physical
phenomena depending on the actual carrier concentration. The most prominent of these
phenomena is superconductivity at high temperatures. The symmetry of the superconduct-
ing order parameter has been found to be of d-wave and not of s-wave symmetry as in
the conventional metallic superconductors. An interesting aspect is the fact that the par-
ent compounds of cuprate high-Tc superconductors are Mott insulators. The normal-state
properties of optimally doped cuprate superconductors have been found to be unusual (lin-
ear dependence of the resistivity over a large range in temperature, strong dependence
of the Hall coefficient on temperature, divergence of the resistivity anisotropy, violation
of the Wiedemann–Franz law close to zero temperature). In the overdoped region, the
normal-state properties are closer to that of a normal metal, which is well described by
the Fermi liquid theory. A further outstanding feature of the cuprate high-Tc superconduc-
tors is a pseudogap existing at temperatures well above the critical temperature, especially
in the underdoped region.

8.2 Generic Phase Diagram of Hole-Doped Cuprate Superconductors

8.2.1 Generic Phase Diagram: An Overview

In Figure 8.1, a simplified sketch of the generic phase diagram [1–15] of hole-doped
cuprate high-Tc superconductors is shown. The phase diagram indicates that the cuprate
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Figure 8.1 Simplified generic phase diagram of hole-doped cuprate high-Tc superconductors,
illustrating that these materials are close to a metal–insulator transition. The physical properties
of the cuprates show considerable changes with increasing concentration of holes in the CuO2
planes

superconductors are close to a metal–insulator transition. The insulating parent compounds
of the high-Tc cuprate superconductors are Mott insulators. For example, La2CuO4 and
YBa2Cu3O6 are the insulating parent compounds of La2−xSrxCuO4+𝛿 and YBa2Cu3O7−𝛿 ,
respectively. Figure 8.2 shows the antiferromagnetic ordering of the Cu moments in
La2CuO4 [1, 16]. In the parent compounds, magnetic ordering sets in at Néel tempera-
tures TN which can reach values in the 250–400K range. The presence of holes in the
CuO2 planes, needed to make the material superconduct, reduces the Néel temperature
to zero.
At carrier concentrations close to 0.05 holes per CuO2 unit, a superconducting phase

starts to evolve. As already discussed in Chapter 7, the critical temperature shows an
inverted parabola dependence on the number of holes per CuO2 unit. The maximum
critical temperature is typically reached at carrier concentrations between 0.15 and 0.18
holes per CuO2 unit. For further increasing carrier concentrations, the critical temperature
decreases again, and above a doping level of 0.3 holes per CuO2 unit, the cuprates do not
superconduct.
A special feature of the superconducting state in the cuprates is the d-wave symmetry

of the superconducting order parameter. In the conventional metallic superconductors, the
s-wave symmetry of the order parameter leads to an energy gap which is independent of
the direction of the wave vector k of the quasi-particles. On the other hand, the width of the
energy gap of a d-wave superconductor depends on the direction of the wave vector k. In
the nodal directions (see Figure 8.9), the energy gap of a d-wave superconductor vanishes.
A more detailed description of d-wave symmetry will be presented in Section 8.2.2.
In tunneling experiments, the temperature dependence of the superconducting energy

gap has been studied [17]. A striking feature of these experiments is the observation of an
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Figure 8.2 Crystal structure of La2CuO4 and the possible alignment of the copper spins in
the antiferromagnetic ground state (adapted from [1, 16])

amazing gap-like feature at temperatures well above the critical temperature. This so-called
pseudogap is most prominent in the underdoped region of the phase diagram. It can be
observed up to a temperature known as T* (see Figure 8.1). It is absent in highly overdoped
cuprate superconductors. Possible explanations for the occurrence of the pseudogap will
be discussed in Section 8.2.3.

8.2.2 Symmetry of the Superconducting Order Parameter

The superconducting order parameter is the collective wave function which describes the
Cooper pairs in a superconductor (see Chapter 4). Its symmetry is closely related to the pair-
ing mechanism of the Cooper pairs. In the previous section, we have seen that the parent
compounds of the cuprate high-Tc superconductors are antiferromagnetic Mott insulators.
In principle, it could be imagined that the formation of Cooper pairs in the cuprates is medi-
ated by spin fluctuations. Such a mechanism for the pairing of Cooper pairs would require
dx2 − dy2 symmetry of the order parameter. In conventional metallic superconductors, the
order parameter has the s-wave symmetry. In an s-wave superconductor, the superconduct-
ing energy gap is independent of, or only weakly dependent on, the direction of the wave
vector k of the single electrons. In contrast, the energy gap of a d-wave superconductor
depends on the direction of the wave vector k. The directional dependence of the energy
gap is described by [18]

Δ(k) ∼ Δmax

[
cos

(
kxa

)
− cos

(
kya

)]
(8.1)
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Figure 8.3 Comparison of the energy gaps for single electrons (quasi-particles) of s- (left) and
d-wave (right) superconductors. For s-wave symmetry, the energy gap is independent of the
direction of the wave vector k, whereas it depends on k in a d-wave superconductor. In the
nodal directions the order parameter changes its sign (adapted from [5])

where Δmax is the maximum gap value and a is the lattice parameter in the CuO2 planes.
In Figure 8.3, the dependence of the superconducting energy gap on the wave vector k
is illustrated for the s- and d-wave symmetries. The energy gap of d-wave superconduc-
tors is strongly anisotropic with nodes along the [1 1 0] direction in k space. Between the
lobes in the kx and ky directions, the order parameter changes its sign. This means that, for
Cooper pairs with orthogonal relative momenta, there exists a relative phase shift of 𝜋 in
the superconducting wave function. In the cuprates, Equation 8.1 is expected to describe
the behavior of the energy gap within the CuO2 planes. In fact, experimental evidence for
the symmetry of the superconducting order parameter of the cuprates has been found, as
will be described below.
Experimental evidence for the dx2−y2 symmetry of the order parameter has been found

from the flux quantization in tri-crystal superconducting rings of YBa2Cu3O7−𝛿 [19, 20].
In a junction between two d-wave superconductors, the direction of the tunneling current
depends on the relative orientation of the lobes of the wave functions of the Cooper pairs
with respect to the junction interface. Siegrist and Rice [21] have shown that the supercur-
rent Is

ij across the junction can be expressed by

Is
ij = (Aij cos 2𝜑i cos 2𝜑j) sinΔ𝜑ij (8.2)

Here, Aij is a constant characteristic of the considered junction ij, and 𝜑i and 𝜑j are the
angles between the crystallographic axes and the junction interface between superconduc-
tors i and j. For a superconducting ring with a single 𝜋 junction (Isij < 0), Siegrist and
Rice [21] have found a spontaneous magnetization of 𝜙0∕2. In a multiple junction ring
with an odd number of 𝜋 junctions, the spontaneous magnetization is again 𝜙0∕2 [19, 21].
A half-integer spontaneous magnetization of a 𝜋-ring (see Figure 8.4) has been measured
by means of a scanning SQUID microscope. To ensure that the results are not affected
by systematic experimental errors (e.g., the roughness of the interface) the flux through
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Figure 8.4 Crystallography of zero- (right) and 𝜋-rings (left) of epitaxial YBa2Cu3O7−𝛿 films
grown on a tri-crystal (1 0 0) SrTiO3 substrate. The rings are patterned into the films by means
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parameter changes its sign at only one (1–3) of the three interfaces, i.e. one of the interfaces
is a 𝜋 junction. In contrast, the zero-ring contains two 𝜋 junctions (1–2 and 1–3) with phase
shifts (adapted from [20])

a zero-ring (see Figure 8.4) has also been measured. For the zero ring, there exists no
spontaneous magnetization in the ground state; this has been confirmed experimentally
[19, 20]. For these investigations, 𝜋- and zero-rings of YBa2Cu3O7−𝛿 have been deposited
on a (1 0 0) SrTiO3 tri-crystal substrate. The YBa2Cu3O7−𝛿 rings, of 24 μm inner diame-
ter and 10 μm width, have been etched by photo-lithography. The crystal structure in the
single-crystalline substrate is transmitted to the YBa2Cu3O7−𝛿 film. The grain boundaries
act as the junction interfaces. In the 𝜋-ring, the sign of the superconducting order parameter
changes at the 1–3 junction, while it is unchanged at the other two junctions; i.e., the ring
contains a single 𝜋 junction. In contrast, in the zero-ring we have two junctions (1–2, 1–3)
with and one without a sign change, as illustrated in Figure 8.4.
Other ways to determine the symmetry of the superconducting order parameter have

been presented in [18]. In one type of experiment, the magnetic flux through a corner
SQUID magnetometer is measured; another is the measurement of the Fraunhofer diffrac-
tion pattern of a single Josephson junction. A sketch of a Pb-YBa2Cu3O7−𝛿 corner junction
is presented in Figure 8.5. A magnetic field is applied perpendicular to the ab plane of
YBa2Cu3O7−𝛿 single crystal. In the corner junction under consideration, the tunneling cur-
rent flows in the ac- and bc-faces. In small junctions, the magnetic field generated by the
tunneling currents can be neglected. For a rectangular tunneling junction (see Chapter 3,
Equations 3.63 and 3.64) with a tunneling area A, the maximum Josephson current is

Imax(𝜙) = Ic
|||||
sin

(
𝜋𝜙∕𝜙0

)
(𝜋𝜙∕𝜙0)

||||| (8.3)
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Figure 8.5 Schematic illustration of a symmetric Y-123-Pb corner junction with equally large
ac- and bc-faces and uniform critical current density. Depending on the symmetry of the super-
conducting order parameter of the Y-123, we would obtain the usual Fraunhofer diffraction
pattern for the s-wave symmetry (see Figure 8.6). In the case of the d-wave symmetry, a
modified modulation with Ic(𝜙 = 0) = 0 according to Equation 8.4 would be expected (see
Figure 8.6)

Here,𝜙0 = h∕2|e| is the flux quantum (see Chapter 3), Ic = JcA, and𝜙 = B w t (w: width of
the junction, t: magnetic barrier thickness,B: applied magnetic field) the total magnetic flux
through the junction. In the case of an s-wave superconductor, the phase in the two crystal
faces of a symmetric corner junction would be the same, and, hence, Equation 8.3 would
describe the critical current. For a symmetric corner junction of a d-wave superconductor,
the sign of the order parameter would be opposite in the a- and b-directions (see Figure 8.5)
leading to a modified current modulation [18]:

Imax(𝜙) = Ic
|||||
sin2

(
𝜋𝜙∕2𝜙0

)
(
𝜋𝜙∕2𝜙0

) ||||| (8.4)

The two different diffraction patterns are compared in Figure 8.6. For the zero applied
field, i.e., 𝜙 = 0, the tunneling currents into the ac- and bc-planes of a symmetric d-wave
corner junction would cancel each other. The maximum current would be reached for a
flux of ±0.74𝜙0. In a symmetric d-wave corner junction, the current is zero when the flux
through each half of the junction is 𝜙0.
Experiments on symmetric Y-123 corner junctions are in line with the d-wave symmetry

of the superconducting order parameter [18, 22]. The observed current shows a pronounced
dip at 𝜙 = 0, as is expected for the d-wave symmetry. The fact that the superconducting
order parameter of the cuprates is of dx2−y2 symmetry indicates that pairing by spin fluctu-
ations is possible, but does not rule out other pairingmechanismswhich are also compatible
with the d-wave symmetry.
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8.2.3 The Pseudogap

It is beyond the scope of the present book to describe in detail the physics of the pseudogap
in cuprate superconductors. There exists a large body of experimental results using
a variety of experimental methods (nuclear magnetic resonance (NMR), muon spin
rotation (μSR), scanning tunneling spectroscopy (STS), angle-resolved photoemission
spectroscopy (ARPES), neutron scattering, Nernst effect). Unfortunately, the experimental
results, obtained with different methods, seem to favor different descriptions of the
pseudogap. There exist also various theoretical models to describe the pseudogap of the
cuprate superconductors. We will not attempt to describe all the available experimental
data, or to compare them with the different theoretical models. Instead, only a few ideas
on the pseudogap will be presented.
The superconducting energy gap and the pseudogap of Bi-2212 have been studied

by Renner et al. using STS [17]. Their tunneling spectra measured on an underdoped
Bi2Sr2CaCu2O8+𝛿 single crystal with a Tc of 83.0K is shown in Figure 8.7. The conduc-
tance curves, obtained from STS, provide the density of states around the Fermi energy.
For comparison, the density of states of an s-wave and that of a d-wave superconductor
are shown in Figure 8.8. Due to the vanishing energy gap at the nodes (see Figure 8.9)
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Figure 8.7 Tunneling conductance of underdoped Bi-2212. A gap-like feature (pseudogap)
can be observed at temperatures much higher than the critical temperature of 83 K (Reprinted
with permission from Renner et al. [17, Figure 2], Copyright (1997) by the American Physical
Society, http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.80.149, [17])

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.80.149
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Figure 8.9 Sketch of the Fermi surface of the CuO2 planes. The nodal (open square) and
anti-nodal (open circle) directions are indicated

of a d-wave superconductor, there is a nonvanishing density of states within the energy
gap of Bi-2212 at temperatures well below Tc = 83K. A striking feature is the fact that
at temperatures well above Tc, a gap-like feature is present in the conductance curves.
This is the signature of the pseudogap. The data obtained from STS suggest that there is a
continuous transition from the superconducting to the pseudogap state.
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One hypothesis to explain the existence of the pseudogap proposes that preformed
Cooper pairs exist at temperatures well above the critical temperature. However, no phase
coherence can be established because of their extremely small number density. Evidence
for pairing above the critical temperature has been found, for example, from ARPES
[23–25], angular magnetoresistivity (AMR) [26], and Nernst effect measurements [27, 28].
Due to a thermal gradient along the sample in the presence of a transverse magnetic field,
a transverse voltage is generated. This effect is called the Nernst effect (see Chapter 12). In
the presence of vortices, the Nernst effect is strongly enhanced. If the thermal gradient is
in the x direction and the magnetic field along the z direction, an electric field is generated
by the movement of the vortices, leading to an electric field Ee = B × v (Ee is the electric
field, B is the magnetic field, and v is the velocity of the vortices). The Nernst coefficient
is defined as 𝜈 = Eey∕(B|∇T|). Measurements of the Nernst effect indicate that, due to
fluctuations, short-lived vortices (superconducting fluctuations) can exist well above Tc in
underdoped cuprate superconductors. On the other hand, the maximum temperature for
the existence of vortices seems to be well below the pseudogap temperature T* [28], and,
hence, it is not clear if noncoherent Cooper pairs are responsible for the pseudogap.
An alternative hypothesis is based on the assumption that the pseudogap phenomenon

competes with superconductivity. Ma et al. [29] performed a combined scanning tunnel-
ing microscopy and ARPES study of Bi2Sr2−xLaxCuO6+𝛿 . Below the critical temperature,
they found two distinct gaps, a small one around the nodal direction and a large one in
the antinodal direction. The small gap near the nodal direction disappears at the critical
temperature, whereas the large antinodal gap has been found to exist below and above Tc.
The small and the large gaps seem to coexist in the antinodal region. A similar behavior
has been reported for underdoped Bi-2212 [30, 31]. For the gap in the nodal direction, a
BCS-like temperature dependence of the energy gap has been found [31]. The nodal gap
seems to be related to superconductivity, while the gap in the antinodal region persisting
above Tc seems to be related to the pseudogap.
Next, we have to consider possible competing orders within the pseudogap regime. As a

first example, let us consider charge stripes, which are sketched in Figure 8.10. In this sce-
nario, charge stripes and antiferromagnetic domains coexist. The copper spins are ordered
within the antiferromagnetic domains, while the doped holes are arranged in charge stripes.
The charge stripes also act as the domain boundaries. Evidence for charge stripes has been
reported for La2−xBaxCuO4 (x = 0.125) and other 214 compounds [32–35]. In principle,
the charge stripes may be fluctuating instead of static. Fluctuating charge stripes have been
observed by scanning tunneling microscopy in Bi2Sr2CaCu2O8+x [36].
An alternative ordering in the pseudogap regime is based on loop currents. In Figure 8.11,

planar orbital loop currents are shown. The loop currents flow in a triangle made of two
oxygen and one copper atom [12]. More complex current paths involving the apical oxygen
atoms have been proposed for Hg-1201 [11]. In a very recent review article by Zaanen [37],
it is stated that in the pseudogap a competing order is at work. Close to optimal doping
(≈0.19 holes per CuO2), the pseudogap vanishes. This behavior has been attributed to
a quantum phase transition. One puzzling aspect is the fact that it seems to be possible
that several different exotic ordering phenomena can exist in the pseudogap. It is beyond
the scope of the present book to discuss all these ordering phenomena. A more detailed
description can be found in [37].
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Figure 8.11 Sketch of possible orbital currents in the pseudogap state (adapted from
[11, 12])

8.3 Summary

The generic phase diagram of hole-doped cuprate high-temperature superconductors indi-
cates that the parent compounds are Mott insulators. Doping of charge carriers into the
CuO2 planes rapidly destroys the antiferromagnetic state and establishes superconductivity.
A carrier concentration of slightly less than 0.2 holes per CuO2 unit leads to the optimum
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critical temperature. Above this optimum doping, the critical temperature decreases with
increasing charge carrier density, and finally at high doping levels (>0.3 holes per CuO2
unit) the cuprates do not superconduct. In the high charge carrier density region (overdoped
or nonsuperconducting metal), the cuprates show a Fermi liquid behavior. Optimally doped
cuprate superconductors behave differently, and are often referred to as strange metals. In
contrast to a T2 dependence of the electrical resistivity expected from Fermi liquid theory,
their resistivity increases linearly with temperature.
The superconducting order parameter of the cuprate high-temperature superconductors

has a d-wave symmetry. In a d-wave superconductor, the width of the energy gap depends
on the wave vector k of the quasiparticles. In the nodal directions, the width of the energy
gap is zero, whereas the maximum gap is found in the antinodal directions.
Complex behavior has been found in the underdoped region close to the antiferromag-

netic state. Even well above the critical temperature, a pseudogap has been observed. As
a first hypothesis, the occurrence of the pseudogap has been attributed to pairs which lack
phase coherence. Evidence for the existence of Cooper pairs above the critical temperature
has been found using the Nernst effect. However, the maximum temperature for such super-
conducting fluctuations seems to be well below T*. In a second approach, the pseudogap
is considered to compete with superconductivity, involving such phenomena as fluctuating
charge stripes and unusual orbital currents. The pseudogap of the underdoped cuprates is
still subject to debate. The complexity of the physics of the cuprates is closely related to the
evolution of the Fermi surface, which is fully developed in the overdoped region, whereas
it vanishes in a Mott insulator. On the way from the Mott insulator to the overdoped region,
Fermi arcs and pockets of increasing size have been observed byARPES.
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9
Superconducting Properties of

Cuprate High-Tc Superconductors

9.1 Introduction

The description of the generic phase diagram of hole-doped cuprate high-Tc superconduc-
tors in Chapter 8 revealed the complexity of the physics of these materials. Next, let us
consider the superconducting properties of the cuprate high-Tc superconductors. First, the
values of the characteristic length scales and the Ginzburg–Landau parameter are presented
in Section 9.2. In the layered crystal structures, CuO2 blocks are separated by insulating
layers which act as charge carrier reservoirs, leading to highly anisotropic superconduct-
ing properties. As a further consequence, the critical current densities are high along the
copper oxide planes, but very low perpendicular to them (i.e., along the c direction). This
leads to two different penetration depths 𝜆ab and 𝜆c, where the indices give the direction
of the screening currents. There also exist two different coherence lengths, namely 𝜉ab in
the CuO2 planes and 𝜉c perpendicular to them. Relations between different material prop-
erties and the definition of the Ginzburg–Landau parameters 𝜅ab and 𝜅c have already been
presented in Section 4.5 of Chapter 4.
In Section 9.3, the values of the maximum width of the d-wave gaps will be presented.

The magnetic phase diagram of cuprate superconductors will be briefly described in
Section 9.4. The lower and upper critical fields depend on whether the magnetic field is
applied parallel or perpendicular to the CuO2 planes. In the symbols for the upper (Bc2,ab,
Bc2,c) and lower critical fields (Bc1,ab, Bc1,c), the indices ab and c indicate the direction of
the applied magnetic field.
For most applications of superconductivity, high critical current densities are of crucial

importance. In Section 9.5, the critical currents in polycrystalline samples, bulk material,
and cuprate films are compared. Evidence for considerably different critical currents within
grains and across grain boundaries will be discussed. Because of the importance of current
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flow across grain boundaries for the development of long superconducting wires, we will
discuss this aspect in more detail in Section 9.6.

9.2 Characteristic Length Scales

For the characteristic length scales in cuprate superconductors we have [1]

𝜉c < 𝜉ab << 𝜆ab < 𝜆c (9.1)

The fact that the penetration depth 𝜆ab for the flow of the screening currents in the
CuO2 planes is considerably smaller than 𝜆c for screening currents perpendicular to the
CuO2 planes simply indicates that the in-plane critical currents are much larger than the
out-of-plane ones. The coherence length is the shortest length within which a significant
change in the Cooper pair density is possible. Alternatively, wemay consider the coherence
length as the size of a Cooper pair. The coherence length 𝜉ab along the CuO2 planes is
typically much larger than 𝜉c perpendicular to them. The characteristic length scales of
various cuprate superconductors at zero temperature are listed in Table 9.1 [2–36]. The
values in round brackets indicate the error bars. Like other physical properties, both the
penetration depth and the coherence length depend on the actual carrier concentration,
which is typically in the range of 3× 1021 to 17× 1021 cm−3 in cuprate superconductors
[1]. For comparison, the carrier concentrations in copper and aluminum are 84.5× 1021

and 180.6× 1021 cm−3, considerably larger than in cuprate superconductors. In Table 9.1,
the values of the Ginzburg–Landau parameter 𝜅c =𝜆ab/𝜉ab are quoted.
The values of the Ginzburg–Landau parameter 𝜅c are between 22 and 120, and hence

the cuprates are extreme Type II superconductors. For screening currents circulating in the
CuO2 planes, the penetration depth (𝜆ab) is typically in the range of 100–300 nm. In general,
𝜆c is much larger than 𝜆ab, reaching values of the order of 1000 nm. The extreme short-
ness of the coherence lengths, especially perpendicular to the CuO2 planes, is the reason
that grain boundaries can act as weak links for the supercurrents in cuprate superconduc-
tors. The coherence length 𝜉c is of the order of several tenths of a nanometer, which is
comparable to interatomic distances. For comparison, the coherence length of the metallic
superconductors NbTi, Nb3Sn, and Nb3Ge is between 3 and 4 nm.
In Figure 9.1, the temperature dependences of the penetration depths 𝜆ab of various

cuprate high-Tc superconductors are shown. The penetration depth is closely related to the
number density of the Cooper pairs (see Equation 2.31 in Chapter 2). In low-temperature
superconductors, the dependence of the penetration depth on temperature is well described
by the empirical relation 𝜆(T )= 𝜆0(1−(T/Tc)4)−0.5 (Equation 2.24, Chapter 2). As illus-
trated in Figure 9.1, the 𝜆ab(T) data for Y-123 [15] can be well represented by this rela-
tion, but not for Bi-2201 [20], (Hg,Cu)-1201 [35] or Tl-2223 [29]. The 𝜆ab(T ) data of
these high-Tc superconductors can be fitted by the alternative expression 𝜆ab(T)= 𝜆ab(0)
(1− (T/Tc))

a (where a≈−0.3) [29] (see Figure 9.1). At higher temperatures, the empir-
ical relation (Equation 2.24) typically provides a good approximation, as illustrated for
(Hg,Cu)-1201 [34] in Figure 9.1. The temperature dependence of the coherence length 𝜉ab
of Tl-2223 can be described up to T/Tc = 0.95 by the relation 𝜉ab = 𝜉ab(0)(1 − (T/Tc))

b

(b≈−0.52) [29].
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Table 9.1 Characteristic length scales and the Ginzburg–Landau parameters of various
cuprate superconductors

Compound Tc (K) 𝜆ab
(nm)

𝜆c
(nm)

𝜉ab
(nm)

𝜉c
(nm)

𝜅c Reference

La2−xSrxCuO4 36 258 [2]
La1.8Sr0.2CuO4 36.5 250 2.1 120 [3]
La1.5Nd0.4Sr0.1CuO4 10 6.3 0.21 [4]
La1.48Nd0.4Sr0.12CuO4

a 6.7 9.1 0.27
La1.45Nd0.4Sr0.15CuO4+𝛿 24 4.8 0.19
Nd1.85Ce0.15CuO4−𝛿

b 26.2 5.33 0.71 [5]
Sr0.9La0.1CuO2

b 43 116(2) [6]
YBa2Cu3O6+x 56 175(6) 50 [7]
YBa2Cu3O6+x 20.1 27,800 [8]

18.1 31,100
16.4 35,700
12 50,800
7.4 89,800
4 206,000

YBa2Cu3O6.9 92.5 140c 2.2c 62 [9]
YBa2Cu3O7−x 88.8 26 125 3.4 0.7 37 [10]
YBa2Cu3O7−𝛿 92.5 1.6 0.3 ≈56 [11]
YBa2Cu3O7−𝛿 91 130 450 1.3 0.2 100 [12]
YBa2Cu3O7−𝛿 89.7 140 [13]
YBa2Cu3O7−𝛿 ≈92 200(40) 1420(150) [14]
YBa2Cu3O7−𝛿 ≈82 141.5(3.0) >700 [15]
Y-123 thin film 35.4 0.33 [16]

78.1 0.30
81.9 0.29
88.5 0.25
90 0.21

87.4 0.19
81.2 0.14
75.2 0.11

YBa2Cu3O7−𝛿 92 152 [17]
80 169
70 179
57 189
41 196

Y0.95Ca0.05Ba2Cu3Oy 84.2 1.6(2) [18]
Y0.95Ca0.05Ba2Cu2.94

Zn0.06Oy

65.1 1.9(2)

Y0.95Ca0.05Ba2Cu2.88
Zn0.12Oy

33.3 2.6(2)

Y0.9Ca0.1Ba2Cu3Oy 80.6 3.4(2)
YBa2Cu3O7−𝛿 92.6 96.2 697 [19]

90.1 86.3 619
Y0.992Pr0.008Ba2Cu3O7−𝛿 91.2 105.4 829

(continued overleaf )
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Table 9.1 (continued)

Compound Tc (K) 𝜆ab
(nm)

𝜆c
(nm)

𝜉ab
(nm)

𝜉c
(nm)

𝜅c Reference

Y0.987Pr0.013Ba2Cu3O7−𝛿 89.9 84.3 622 [19]
Y0.976Pr0.024Ba2Cu3O7−𝛿 90.2 84.0 620
Bi2(Sr,La)2CuOy 28.3 438 4.0 ≈110 [20]
Bi2Sr1.6La0.4CuO4+𝛿 22.1(2) 290(8) 13(3) ≈22 [21]
(Bi,Pb)2(Sr,La)2CuO6+𝛿 35 358 [2]
Bi2Sr1.5Ca1.5Cu2O8+𝛿 82.4 200(6) 6(1) ≈33 [21]
Bi2.2Sr2Ca0.8Cu2O8+𝛿 85 3.8 0.16 [22]
Bi-2212 ≈84 2.7 0.18 [23]
(Bi,Pb)2Sr2CaCu2O8 94 178(8) 2.0(1) 92 [24]
Bi2Sr2Ca2Cu3Ox 106.5 2.9 0.093 [25]
(Bi,Pb)2Sr2Ca2Cu3Ox 109 245 2.9 84 [26]
Tl2Ba2CaCu2Ox ≈100 2 0.03 [27]
Tl2Ba2Ca2Cu3O10+𝛿 123 117d 1.1d ≈73 [28]

124e 1.4e

Tl2Ba2Ca2Cu3O10−𝛿 126 240 1100 [29]
Tl2Ba2Ca2Cu3O10 121.5 163 1.36 ≈100 [30]
(Tl,Pb,Bi)(Sr,Ba)2

Ca2Cu3O9

116 137 2.1 65.2 [31]

HgBa2CuO4+𝛿 95 117 2.1 ≈48 [28]
HgBa2CuO4+𝛿 93.2 140 2 70 [32]
HgBa2CuO4+𝛿
𝛿 =4.9%

70(1) 216(17) 3.3(7) [33]

𝛿 = 5.5% 78.2(4) 161(17) 3.4(7)
𝛿 = 5.5% 78.5(5) 200(28) 3.0(6)
𝛿 = 6.6% 88.5(9) 153(23) 2.3(5)
𝛿 = 9.6% 95.6(6) 145(9) 2.0(4)
𝛿 = 9.7% 95.3(6) 165(9) 2.0(4)
𝛿 = 10.0% 94.1(2) 158(12) 2.2(4)
𝛿 = 10.1% 93.4(2) 156(9) 1.8(4) ≈100
𝛿 = 10.3% 92.5(5) 139(17) 2.0(4)
𝛿 = 10.5% 90.9(2) 156(15) 1.7(3)
𝛿 = 10.8% 89.1(5) 177(20) 1.8(4)
(Hg,Cu)Ba2CuO4+𝛿 96 247 [34]
Hg0.8Cu0.2Ba2CuO4+𝛿 96 162(5) 1.43(8) 113 [35]

92 196(5) 1.70(8) 115
85 213(5) 2.2(2) 97
75 235(5)
62 283(6)

HgBa2Ca2Cu3O8+𝛿 132 150 [36]
Ca2−xNaxCuO2Cl2 28 316 [2]

aCharge stripe ordering;
bElectron-doped cuprate superconductor;
c
𝜆(0) and 𝜉(0) indices not specified.

dAligned;
eRandom
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Figure 9.1 Penetration depth 𝜆ab versus temperature of various high-Tc superconductors. The
solid lines are fits to the empirical relation 𝜆ab(T)= 𝜆ab(0)(1− (T/Tc)

4)−0.5 (Equation 2.24,
Chapter 2). The dotted lines are fits to the alternative expression 𝜆ab(T)= 𝜆ab(0)(1 − (T/Tc))

a

[29]. The values of the fit parameter a are in the range of 0.33–0.38 (data from [15, 20, 29,
34, 35])

9.3 Superconducting Energy Gap

Wehave already discussed in Chapter 8 the fact that the superconducting order parameter of
the cuprate high-Tc superconductors is of d-wave symmetry, as a consequence of which the
energy gap is zero in the nodal directions and reaches its maximum value in the antinodal
direction. In underdoped cuprate superconductors, there exists a pseudogap at temperatures
well above Tc. The pseudogap seems to be in competition with superconductivity. Here we
will only discuss the maximumwidth of the superconducting energy gap. The values of the
half-width Δ of the energy gap of various cuprate superconductors are listed in Table 9.2
[37–53].
The relation between the maximum width of the superconducting energy gap and the

critical temperature is illustrated in Figure 9.2. In optimally doped and overdoped cuprate
superconductors, the ratio 2Δmax/kBTc is typically between 5 and 10. Only for the under-
doped region which have higher values of this ratio been reported. In conventional metallic
superconductors, the ratio of 2Δ/kBTc is only 3.5 (see Figure 3.4, Chapter 3). The rela-
tively large value 2Δmax/kBTc ≈ 8 has been considered as evidence for strong coupling in
the cuprate superconductors. A few investigations of the energy gap using muon spin rota-
tion (𝜇SR) suggest that in La-214 [39] and Y-123 [45] two superconducting energy gaps
are present. The 𝜇SR data indicate that in La-214 as well as in Y-123, a larger gap of d-wave
symmetry coexists with amuch smaller one of s-wave symmetry. Another interesting aspect
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Table 9.2 Energy gap of various cuprate superconductors

Compound Tc (K) Δmax (meV) 2Δmax/kBTc Reference

La1.8Sr0.2CuO4 38 11.5 7.1 [37]
La1.85Sr0.15CuO4 37 13 7.9 [38]
La1.83Sr0.17CuO4

a 35.5 8.0(1)b 5.24(7) [39]
1.54(8)c 1.00(5)

La1.855Sr0.145CuO4 36 14 9.0 [40]
La1.895Sr0.105CuO4 30 26 20.1
YBa2Cu3O7 89.5 35 9.1 [41]
YBa2Cu3O7−x

d 90 18 4.7(1.2) [42]
YBa2Cu3O7 92 ≈32 8 [43]
YBa2Cu3O7−x 90 ≈31 8 [44]
YBa2Cu3O7−x

a 91.2 22.9(1)b 5.83 [45]
0.71(1)c 0.18

Bi2.07Sr1.8CuO6+x 7 1.85 6.1 [46]
Bi2Sr2CaCu2O8+x ≈92 35 ≈6.5 [41]
Bi2Sr2CaCu2O8+x 80 ≈29.5 ≈8.6 [47]
Bi2.1Sr1.9CaCu2O8+x 85 23 6.2 [46]
Bi2Sr2CaCu2O8 83 30(4) ≈8 [48]
Bi2Sr2CaCu2O8+x 40e [49]

55e

Bi2Y0.1Sr1.9CaCu2O8+x 94 27 6.6 [46]
Bi2Sr2Ca2Cu3O10+x 109.5(5) 41–58f [50]
Bi2Sr2Ca2Cu3O10+x 30g [51]

21.5h

(Bi,Pb)2Sr2Ca2Cu3O10+x 108 30 6.4 [46]
Pr2−xCexCuO4−𝛿

i x= 0.13 17(1) 2.5 3.5(5) [52]
x= 0.15 19(1) 3.25 4.0(4)
x= 0.16 16(1) 2.6 3.8(5)
x= 0.17 13(1) 1.3 2.3(1.3)
x= 0.18 11(1) 1.0 2.1(1.5)
x= 0.19 8.0(4) 0.9 2.6(9)
Tl2Ba2CaCu2O8+x 94.5 25(3) 6.1(7) [53]
Tl2Ba2Ca2Cu3O10+x 114 30(5) 6.1(1.0) [53]

aEvidence for two gaps;
bd-wave gap;
cs-wave gap;
dFilm of 1 μm thickness;
eUnderdoped samples;
fSpatial variation of the energy gap;
gInner CuO2 planes;
hOuter CuO2 planes;
iElectron doped.

is a spatial variation of the energy gap of Bi-2212 [49] and Bi-2223 [50], which has been
detected by scanning tunneling microscopy (STM). The studies revealed the existence of
regions with a smaller energy gap and large sharp coherence peaks, and other regions with
a larger gap and small broad peaks. Both regions are embedded in a background with an
intermediate gap. A large value of the energy gap seems to be correlated with a larger local
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Figure 9.2 Maximum values of 2Δmax versus kBTc of various cuprate superconductors. The
lines indicate ratios 2Δmax/kBTc of 6 and 8 (data from Table 9.2)

concentration of interstitial oxygen atoms [54]. In underdoped Bi-2212, the fraction of the
area with a large gap has been observed to increase with decreasing number of holes per
CuO2 unit. Thus, good superconductivity has been attributed to regions with small gaps,
whereas the large gap seems to be characteristic of underdoped cuprates.

9.4 Magnetic Phase Diagram and Irreversibility Line

In Figure 9.3, the simplified magnetic phase diagram of cuprate high-Tc superconductors is
presented. The inset shows for comparison the magnetic phase diagram of a metallic Type
II superconductor. In both materials, magnetic flux is excluded from the interior below the
lower critical field Bc1. In this low field region, the cuprate superconductor is in the per-
fectly diamagneticMeissner phase. A new phenomenon is the existence of an irreversibility
field (Birr), which is well below the upper critical field (Bc2). Below the irreversibility field
high-Tc superconductors behave like metallic Type II superconductors in the mixed state
(Shubnikov phase). Below Birr, there exists a flux-line lattice with pinned vortices, and
hence current flow without resistance is possible. Above the irreversibility line, the critical
current is zero because of the absence of flux pinning. Typically, the temperature depen-
dence of the irreversibility field can be described by a scaling relation of the form

Birr(T) = B0

(
1 − T

Tc

)𝛼

(9.2)

Here B0 and 𝛼 are the fitting parameters characteristic of the cuprate superconductor in
question. The absence of pinning above the irreversibility line has been attributed tomelting
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Figure 9.3 Sketch of the simplified magnetic phase diagram of cuprate high-Tc superconduc-
tors. For comparison, the magnetic phase diagram of metallic Type II superconductors is shown
in the inset. An outstanding feature of the magnetic phase diagram of cuprate superconductors
is the existence of the irreversibility line Birr, above which the flux lines are not pinned, and
hence the critical current density is zero

of the flux-line lattice. It has been predicted that in cuprate superconductors with a low
degree of disorder, the transition from a vortex solid to a vortex liquid should be of first
order, and hence accompanied by a latent heat [55]. A latent heat of 0.6 kBTm per vor-
tex and layer (Tm melting temperature) has been found in specific heat measurements of
YBa2Cu3O7 single crystals [56]. Similar latent heat of 0.45 kBTm/vortex/layer has been
measured in untwinned Y-123 single crystals [57]. These experimental results suggest that
in less disordered cuprate superconductors it should be possible to observe a first-order
melting transition. A more conventional explanation for the occurrence of the irreversibil-
ity line is thermally activated depinning. Independent of the cause of the existence of the
irreversibility line, current transport without resistance is limited to temperatures and fields
well below it.
The existence of an irreversibility line was first observed by Müller et al. in measure-

ments of the susceptibility of (La,Ba)2CuO4 [58]. The irreversibility temperature can be
deduced from susceptibility versus temperature curves (see Figure 9.4). The magnetic sus-
ceptibility (𝜒) is defined as

𝜒 = 𝜇0
M
B

(9.3)

whereM is themagnetization andB themagnetic induction. Figure 9.4 shows a sketch of the
susceptibility of (La,Ba)2CuO4 for field cooling and zero-field cooling. Due to the trapped
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Figure 9.4 Sketch of susceptibility of (La,Ba)2CuO4 obtained by field cooling and zero-field
cooling (adapted from [58]). Above the irreversibility temperature (Tirr), the magnetic behavior
is reversible. The inset shows the resistivity of a Bi-2212 single crystal measured with magnetic
fields applied along the crystallographic c direction (adapted from [59]). The broadening of
the resistive transition is a consequence of the fact that Birr is much smaller than Bc2

flux, the susceptibility measured for field cooling is much smaller than that obtained for
zero-field cooling. Above the irreversibility temperature the susceptibilities for field cool-
ing and zero-field cooling are identical, i.e., the magnetic behavior is reversible. Another
way to determine the irreversibility temperature is the measurement of electrical resistivity
in a magnetic field. In the presence of a magnetic field, the resistivity versus temperature
curves are considerably broadened as compared to measurements without applied field
(see, e.g., [59]). This behavior is illustrated in the inset of Figure 9.4.
Wewill discuss the irreversibility fields in more detail in Chapter 10. At the upper critical

field Bc2 superconductivity is completely destroyed and the normal state is reached, as in
metallic Type II superconductors.
Next, let us consider the typical values of the lower and upper critical fields in cuprate

superconductors. The upper critical fields are extremely high and can reach values well
above 100 T at low temperatures. Consequently in most high-Tc superconductors the upper
critical field cannot be measured directly at 4.2K. The upper critical field at zero tem-
perature can be estimated from the value of the derivative dBc2/dT at T=Tc using the
Werthamer–Helfand–Hohenberg (WHH) theory [60]

Bc2(0) = −0.69Tc
(
dBc2

dT

)
T=Tc

(9.4)
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In principle, the lower critical field can be directly determined from the measurement of
magnetic hysteresis loops. The upper and lower critical fields of various cuprate high-Tc
superconductors are listed in Table 9.3. In general, we find that

Bc2,ab > Bc2,c >> Bc1,c > Bc1,ab (9.5)

As other physical properties, the lower and upper critical fields depend on the actual carrier
concentration in the CuO2 planes. In strongly underdoped YBa2Cu3O6+x, the lower criti-
cal field (Bc1,c) decreases with decreasing charge carrier concentration [7] (see Table 9.3).
Reduced carrier concentrations are reflected in lowered critical temperatures.
Figure 9.5 shows the lower critical fields of four Y-123 samples as a function of tem-

perature. For all considered samples, the temperature dependence of the lower critical field
can be approximated by the expression Bc1(T)=Bc1(0) (1− (T/Tc)

a), where Bc1(0) is the
lower critical field at zero temperature. In the case of Y-123, the lower critical field data can
be well represented with an exponent a= 2.5. For two Y-123 samples, the lower critical
field has been measured for magnetic fields applied parallel and perpendicular to the CuO2
planes. In both samples, the lower critical field Bc1,c for B parallel to the crystallographic c
axis is much larger than Bc1,ab (B parallel to the CuO2 planes). A comparison of the values
of Bc2,ab and Bc2,c, presented in Table 9.3 indicates that the anisotropy of the superconduct-
ing properties of Bi-22(n − 1)n and Tl-22(n − 1)n is much more pronounced than that of
Y-123. The values of Bc2,ab are extremely high and may reach values of several hundred
tesla. Even for the unfavorable field direction, the upper critical field Bc2,c may reach values
as high as 100 T.

9.5 Critical Current Densities in Cuprate Superconductors

9.5.1 Definitions of the Critical Current

In contrast to the critical temperature and the critical fields, the critical current density is
not an intrinsic property of the considered superconductor. A current without resistance
can flow in a Type II superconductor only when the flux lines are pinned and cannot move.
The ability to pin flux lines depends on the microstructure of the material. For example,
flux pinning can be provided by nonsuperconducting precipitates, point defects, or grain
boundaries. In Section 9.6, we show that in cuprate superconductors, grain boundaries can
act as barriers to the supercurrents.
As a basis for later discussion, we will briefly describe different definitions of the critical

current. In principle, it is not possible to measure a resistance that is in fact zero. Conse-
quently, it is necessary to use a criterion which defines the critical current. A first option to
define the critical current is an electric field criterion Eec. In the field of high-temperature
superconductivity, a criterion of 1 μV/cm is frequently used, whereas the stricter criterion
of 0.1 μV/cm is typically applied to metallic superconductors. In the transition region, the
electric field and the current are related by the power law

Ee = Eec

(
I
Ic

)n

(9.6)



Superconducting Properties of Cuprate High-Tc Superconductors 175

Table 9.3 Upper and lower critical fields of various cuprate superconductors

Compound Tc (K) Bc1,ab
(mT)

Bc1,c
(mT)

Bc2,ab
(T)

Bc2,c
(T)

Reference

La1.85Sr0.15CuO4 35 50a [61]
La1.85Ba0.15CuO4 30 36a [61]
La1.85Sr0.15CuO4 36.5 64a [62]
La1.8Sr0.2CuO4 36.5 50a [3]
La1.5Nd0.4Sr0.1CuO4 10 242 8.5 [4]
La1.48Nd0.4Sr0.12CuO4 6.7 132 4 [4]
La1.45Nd0.4Sr0.15CuO4 24 360 14.2 [4]
YBa2Cu3O6+x 56 23.8(1.5) [7]

22 5.8
17.6 4.1
15 3.3

13.6 2.7
8.9 1.4

YBa2Cu3O7 92.2 300a [63]
YBa2Cu3O7 91 18 53 [12]
YBa2Cu3O7 88.2 25(2) 85(4) [64]
YBa2Cu3O7 88.8 140 29 [10]
YBa2Cu3O7−x 92.5 674 122 [11]
YBa2Cu3O7−x 92.6 974 134.4 [19]

90.1 858 119.6
Y0.992Pr0.008Ba2Cu3O7−x 91.2 1005 127.7 [19]
Y0.987Pr0.013Ba2Cu3O7−x 963 130.5 [19]
Y0.976Pr0.024Ba2Cu3O7−x 1010 136.8 [19]
Nd1.85Ce0.15CuO4−x

c 26.2 87 11.6 [5]
MoSr2YCuO8 25 21.8 [65]

27.3 27.5
Bi2(Sr,La)2CuOy 28.3 20.2 [20]
Bi2.2Sr2Ca0.8CuO8+x 85 533 22 [22]
Bi2Sr2CaCu2O8+x 84 500 33 [23]
Bi2.1Sr2.1Ca0.9Cu2O8+x ≈85 542 71.5 [66]
(Bi,Pb)2Sr2CaCu2O8 94 89(6) [24]
Bi2Sr2Ca2Cu3O10+x 110 1210 39 [25]
Bi1.7Pb0.3Sr2Ca2Cu3O10+x 90a 184a [67]
Tl2Ba2CuO6+x 86 297 21 [25]
Tl2Ba2CuO6+x 9.7 0.85a [68]
Tl2Ba2CuO6+x 15.7 1.9a [68]
TlBa2CaCu2O8+x 97 120 27 [25]
Tl2Ba2Ca2Cu3O10+x 123 170 [28]
Tl2Ba2Ca2Cu3O10+x 121.5 115 [30]
Tl2Sr2Ca3Cu4O12+x 93 71 16 [25]
(Tl,Pb,Bi)(Sr,Ba)2Ca2Cu3O9 116 37 74.9 [31]
HgBa2CuO4+x 95 66 [28]
HgBa2CuO4+x 93.4 ≈100 [33]
Hg0.8Cu0.2Ba2CuO4+x 96 160(20) [35]

92 114(11)
85 67(15)

HgBa2Ca2Cu3O8+x 132 ≈100 [36]

aField direction not specified;
bCharge stripe ordering.
cElectron doped.
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Here, Ee is the electric field, Eec the electric field criterion used to define the critical current
Ic and I the transport current. The parameter n, which is defined by Equation 9.6, is a
measure of the sharpness of the transition. Using Equation 9.6, we can compare the values
of the critical currents Ic1 and Ic2 defined by the criteria of 0.1 and 1 μV/cm, respectively.

Ic2 = Ic1

(
Eec2

Eec1

)1∕n
= Ic1 × 101∕n (9.7)

The dependence of the critical current on the electric field criterion is more pronounced
when the n factor is low. If we assume to have a critical current of 100 A at Ec1 = 0.1 μV/cm,
then the corresponding Ic2 at 1 μV/cm would be ≈139 A for an n factor of 7, while it would
be only ≈112 A for n= 20 (see Figure 9.6).
An alternative definition of the critical current is the offset criterion [69, 70], which takes

into account different n factors. The offset criterion Ic,offset is defined by taking the tangent
to the Ee−I curve at a selected field value Eec and extrapolating to zero electric field (see
Figure 9.7). The critical current Ic,field defined by an electric field criterion, and the offset
critical current Ic,offset, are related by the expression

Ic,offset = Ic,field
(
1 − 1

n

)
(9.8)
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In Figure 9.7, we use an electric field of 1 μV/cm in the definition of the offset critical
current. Three superconductors with the same Ic,field of 100 A (Eec = 1 μV/cm) but different
n factors of 5, 10, and 20 are compared. Due to different n factors, we obtain different offset
critical currents of 80 A (n= 5), 90 A (n= 10), and 95 A (n= 20). The offset criterion takes
into account the different broadening of the transitions. In spite of identical Ic,field values for
Eec = 1 μV/cm, the critical currents Ic,field at an electric field criterion of 0.1 μV/cmwould be
63 A (n= 5), 79 A (n= 10), and 89 A (n= 20). For the same value ofEec, the use of an offset
criterion provides a better estimation of the current-carrying capacity of the superconductor
at lower electric fields than an electric-field criterion.
A third way to define the critical current is based on a predefined resistivity 𝜌c (see

Figure 9.8). A resistivity criterion of 10−13 Ωm is typically used to define the critical cur-
rent. This value of 𝜌c has to be compared with the resistivity of copper of 1.67× 10−8 Ωm
at room temperature. Electric field Ee, critical current density j, and resistivity 𝜌 of a normal
conductor are related by Ohm’s law.

Ee = 𝜌j (9.9)

As illustrated in Figure 9.8, the critical current is defined by the intersection of the straight
line corresponding to Ohm’s law and the Ee−j curve of the superconductor.

9.5.2 Critical Currents in Polycrystalline Cuprate Superconductors

Soon after the discovery that the critical temperature of YBa2Cu3O7−x exceeds 77 K, the
boiling point of liquid nitrogen, it was observed that the transport critical current density
in sintered Y-123 samples is disappointingly low, typically well below 1000A/cm2 (see,
e.g., [71–74]). The dependence of the transport critical current on the applied magnetic
field is illustrated in Figure 9.9 (top) for fields of less than 50mT. The critical current of
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Figure 9.9 Critical currents of various Y-123 [71–74] and Tl-1223 [75] samples versus applied
magnetic field. All values are normalized to the corresponding critical current at 77K and zero
applied field. The low field behavior shown in the top panel indicates that magnetic fields of
less than 20mT can reduce the critical current by an order of magnitude. On the other hand,
the small critical currents surviving at higher fields above 100mT depend only weakly on the
applied magnetic field (bottom panel)
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Figure 9.10 Sketch of a granular cuprate superconductor. Within the individual grains the
critical current density (jcg) is high, whereas the transport critical current density jct ≈ jcgb cross-
ing the grain boundaries is much lower. The critical current density jcg within the individual
grains is limited by flux pinning. The grain boundaries, which act as barriers for the supercur-
rents, have to be considered as SIS or SIN Josephson junctions

sintered Y-123 samples is reduced by more than an order of magnitude due to an applied
magnetic field as low as 10mT. The reduction of the critical current in Tl-1223 tape with a
silver–gold sheath [75] is less pronounced. As illustrated in Figure 9.9b, the critical current
only depends weakly on the appliedmagnetic field in the field range of 50–800mT. The low
transport critical current densities in sintered cuprate superconductors have been attributed
to granularity. Measurements of magnetization indicate that in sintered cuprate supercon-
ductors the critical current density jcg within the individual grains is orders of magnitude
larger than the transport critical current jct, which is limited by the critical current jcgb across
the grain boundaries (see Figure 9.10). The grain boundaries act as weak links and have to
be considered as Josephson junctions. The small values of jcgb limit the transport critical
current to relatively low values. The rapid drop of the critical current caused by extremely
low magnetic fields is in line with the hypothesis that the grain-boundary–grain system
behaves like a Josephson junction. The small critical currents still present at higher fields
may be the consequence of a few grain boundaries acting as strong links. We will discuss
the grain-boundary weak links in more detail in Section 9.6.
A further consequence of granularity is the dependence of the transport critical current

on history. Figure 9.11 shows the history effect for Y-123/Ag [72], Tl-1223/Ag [76], and
Bi-2223/Ag [77] composite conductors. The samples have been cooled to 77K (Y-123,
Tl-1223) or to 4.2K (Bi-2223) in zero field. The transport critical current was measured
in step-wise increasing and then decreasing magnetic fields. The data clearly show that
the critical currents found for increasing field are lower than those measured in decreasing
fields. At the zero applied field, the initial critical current is higher than the value found
after reducing the field from its maximum value to zero.
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Figure 9.11 Hysteresis of the transport critical current of Y-123/Ag, Tl-1223/Ag, and
Bi-2223/Ag composites. Critical currents measured after zero-field-cooling in increasing mag-
netic fields are lower than those found for decreasing fields. At very low fields a crossover is
observed and the critical currents for decreasing field are lower than those for increasing field
(data from [72, 76, 77])

Evetts andGlowacki proposed a simplemodel based on the superposition of themagnetic
field generated in single grains or colonies of strongly coupled grains, and the applied mag-
netic field at the grain boundaries, which provides a qualitative explanation of the history
effect [72]. At very lowmagnetic fields, the magnetic flux enters the samples only along the
network of weakly coupled grain boundaries, whereas the field does not penetrate into the
grains or strongly coupled colonies of grains. At higher fields, the magnetic flux starts to
enter the grains. The flow of screening currents close to the surface of the individual grains
reduces the magnetic field inside the grains while they enhance the magnetic field at the
grain boundaries. The enhanced magnetic field at the grain boundaries is reflected by the
compression of the field lines in this region, as illustrated in Figure 9.12 (left). On the other
hand, the direction of the screening currents is reversed for decreasing applied magnetic
fields, and hence the magnetic field at the grain boundaries is reduced (see Figure 9.12,
center). As a consequence of these effects, the critical current measured in increasing field
is lower than that found for the decreasing field. Finally, when the applied magnetic field is
again zero, there is still some trapped flux in the grains or in colonies of strongly coupled
grains which causes a small magnetic field at the grain boundaries (see Figure 9.12, right).
The transport critical current is therefore lower than the initial value measured immediately
after cool down. A quantitative description of the history effect (see [76, 77]), which would
require a more detailed knowledge of the weak link network, the demagnetization factors
of grains or grain colonies, and flux pinning within the individual grains, is beyond the
scope of this book.
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Figure 9.12 The magnetic fields at the grain boundaries, which limit the transport critical
current, are the superposition of the applied magnetic field Ba and the magnetic field Bm gen-
erated by the screening currents in the individual grains or colonies of strongly coupled grains.
For increasing field (left) the field at the grain boundary is enhanced, while for decreasing field
it is reduced (center). Coming back to zero applied field the individual grains are still magne-
tized, and hence a small magnetic field is present at the grain boundaries, leading to a critical
current lower than the initial value measured immediately after zero-field cooling (right)

9.5.3 Critical Currents in Bulk Cuprate Superconductors

Partial melting and melt texture growth have been found to be efficient ways to improve
the current flow across the grain boundaries in bulk cuprate superconductors. The process-
ing of these materials will be described in Chapter 14. In this section, we will consider
only the critical current densities in bulk cuprate superconductors. Figure 9.13 shows the
critical current densities of various RE-123 (RE= rare earth element or Y) bulk super-
conductors as a function of the applied magnetic field. The critical current densities at
77K and zero applied field are in the range of 40 000–310 000A/cm2. These values are
several orders of magnitude larger than those found for sintered cuprate superconduc-
tors. The much higher critical current densities indicate that the critical current is not
limited by grain boundary weak links. Nevertheless, the critical current drops rapidly in
relatively low magnetic fields in most of the considered samples. For well-textured bulk
material, the critical current density depends not only on the absolute value of the applied
field but also on its direction. Fields parallel to the crystallographic c direction lead to a
much more pronounced drop of the critical current density than fields applied along the ab
planes (see Figure 9.13). The current-carrying capacity of bulk material is dominated by
the intragrain critical current density jcg within the single grains, which is limited by flux
pinning (see Chapter 10). It has been found that secondary phases (e.g., Y2BaCuO5) and
additions (e.g., ZnO2, TiO2) can improve the flux pinning. The in-field critical current den-
sities seem to depend also on the rare earth elements present in the RE-123 compounds.
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Figure 9.13 Critical current densities versus field of various bulk cuprate high-Tc supercon-
ductors at 77K. The drop of the critical current density is much less pronounced for fields
applied along the CuO2 (ab) planes than for fields parallel to the c direction (data from
[78–83])

For (Nd0.33Eu0.33Gd0.33)1Ba2Cu3O7−x with TiO2 additions [82], extremely high critical
current densities have been reported even for the unfavorable field direction B || c (see
Figure 9.13).
Bi-2212 and Bi-2223 bulk hollow cylinders have been successfully manufactured

[84, 85]. The critical current density of the hollow cylinders can be well represented by
a scaling relation already used to describe the jc of Bi-2212/Ag wires without an applied
field [86]

jc(T) = jc(0)
(
1 − T

Tc

)𝛾

(9.10)

Here Tc is the critical temperature, jc(0) is the critical current density at zero temperature,
and 𝛾 is a scaling exponent. For the melt-cast processed Bi-2212 tubes, the values of the
scaling parameters are Tc = 92 K, jc(0)= 25,000 A/cm2, and 𝛾 = 2.5 [85]. The correspond-
ing values for the Bi-2223 tubes are Tc = 108 K, jc(0)= 5000A/cm2, and 𝛾 = 1.5 [85]. The
fact that, especially at 77 K, the critical current densities in Bi-2212 and Bi-2223 bulk
superconductors are much lower than those achieved in Y-123 is a consequence of the less
effective pinning in the two Bi-based compounds.

9.5.4 Critical Currents in Superconducting Films

The highest critical current densities have been achieved in textured films, the preparation
of which will be described in Chapter 16. Figure 9.14 shows the critical current densities of
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Figure 9.14 Critical current densities of various cuprate high-Tc superconductor films versus
temperature for zero applied field. Because the critical current densities in textured supercon-
ducting films are much larger than in bulk material, jc is plotted in A/mm2 (105 A/cm2 = 1000
A/mm2). The lines are fits based on Equation 9.10 (data from [87–94])

various cuprate high-Tc films as a function of temperature without an applied field. The crit-
ical current densities of the films depend on the substrate, the texture, and the flux pinning.
The critical current density of Bi-2212 films on SrTiO3 single crystal substrates exceeds
10 000A/mm2 at 4K, whereas the corresponding values for films deposited on MgO sub-
strates are only around 800A/mm2 (see Figure 9.14). At low temperatures, the critical
current densities of Bi-2212/MgO and Bi-2223/MgO are comparable. The critical current
density at 77K depends strongly on the transition temperature of the superconductor in
question. Thus, the jc of Bi-2223 at 77K is significantly larger than that of Bi-2212 in spite
of similar critical current densities at 4K. Because of extremely high transition temper-
atures, jc values of more than 5000 A/mm2 have been achieved in films of Hg-1212 and
Hg-1223 even at temperatures of 100K. Well textured Y-123 films (see Chapter 15) are
the basis of second-generation high-temperature superconductors (coated conductors) for
magnet and power applications. In the Y-123 film deposited on a biaxially textured nickel
tape with CeO2 and yttria-stabilized zirconia (YSZ) buffer layers, the critical current den-
sity reaches nearly 8000 A/mm2 (0.8MA/cm2) even at 77K (see Figure 9.14). Nowadays
the critical current densities in the Y-123 or RE-123 films of coated conductors exceed
1MA/cm2 at 77K without an applied magnetic field. For most of the high-temperature
superconductor films, the temperature dependence of the critical current density can be
well represented by the scaling law jc(T)= jc(0) (1 − T/Tc)

𝛾 (Equation 9.10), as illustrated
by the lines in Figure 9.14.
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The physical properties of cuprate high-Tc superconductors are highly anisotropic
because of their layered crystal structures. The supercurrents flow preferentially along
the CuO2 (ab) planes, which are separated by the insulating charge carrier reservoirs.
As a consequence, flux lines related to a magnetic field applied along the ab planes of
a textured cuprate film are pinned by the layers forming the charge carrier reservoirs.
It is energetically favorable that the positions of the normal conducting vortex cores
coincide with the regions of weakened superconductivity in the charge carrier reservoirs.
This intrinsic pinning (see also Chapter 10) hinders the movement of flux lines along
the crystallographic c direction. A Lorentz force parallel to the c direction results for
currents within the CuO2 planes in the presence of a transverse magnetic field applied
along the ab planes. On the other hand, the Lorentz force is parallel to the ab planes for
current flow along the CuO2 planes and a magnetic field applied along the c direction.
For this field–current orientation, the intrinsic pinning is not active, and hence the flux
lines can easily be moved along the ab planes (see also Chapter 10). Figure 9.15 shows
the dependence of the critical current density at 77K on the magnetic field for Sm-123,
Y-123, and Tl-1223 films. Only the jc data of the Bi-2212 film have been measured at
a temperature of 50K. As expected from the intrinsic pinning model, the critical current
densities for fields parallel to the c direction are, in all considered high-Tc superconductor
films, considerably smaller than those for fields along the ab planes. The current always
flows along the CuO2 planes. The Sm-123 and Y-123 films show a moderate anisotropy
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Figure 9.15 Critical current densities of selected high-Tc superconductor films versus field for
B⊥ c and B || c. For all samples except the Bi-2212 film (T= 50K), data have been measured
at 77K. In general, the critical currents for B⊥ c are considerably larger than those for B || c
(data from [88, 95–97])
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Figure 9.16 Low temperature critical current densities of selected high-Tc superconductor
films versus field for B⊥ c and B || c. A comparisonwith Figure 9.15 indicates that the anisotropy
of the critical current of the Bi-2212 film with respect to the field direction is much smaller at
20 and 4.2 K than at 50K (data from [96, 98, 99])

of the critical current density with respect to the direction of the applied magnetic field
even at a temperature of 77K. A slightly more pronounced anisotropy has been found for
the Tl-1223 film. The effect is most pronounced for the Bi-2212 film in spite of the fact
that a temperature of only 50K is considered.
The critical current densities of Bi-2212, Bi-2223, and Y-123 films at low temperatures

are presented in Figure 9.16. A comparison of the jc data of the Bi-2212 film presented in
Figures 9.15 and 9.16 indicates that the anisotropy of the critical current density decreases
rapidly with reduced temperature. At 4.2K and 6T the ratio of jc(B⊥ c) to jc(B || c) is ≈3.5
for the Bi-2212 film, while it is around a factor of 6.5 for the Y-123 film. For the Bi-2223
film, the ratio jc(B⊥ c)/jc(B || c) is ≈27 at 20K and 6T compared to a value of ≈10 for
the Bi-2212 film (20 K, 6 T). It should be noted that the anisotropy of jc increases with
an improved degree of grain alignment. In the case of a less perfect texture there exists,
even for B nominally parallel to the ab planes, a field component parallel to the c direction,
which tends to reduce the measured anisotropy of jc.
In the discussion of the anisotropy of the critical current with respect to the field direc-

tion, we have restricted ourselves to the extreme cases that the applied field is along the
crystallographic c direction or along the ab planes. In general, the critical current density
of a well-textured high-Tc superconductor film is a function of temperature, field, and the
angle 𝜃 between the crystallographic c direction and the field direction (see Figure 9.17).
The magnetic field is always applied transverse to the current, which flows along the CuO2
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planes. For Bi-2223 films [99], the critical current density is determined mainly by the
perpendicular field component, leading to the following relation:

jc(B, 𝜃) = jc
perp(Bsc) (9.11)

Here jc
perp is the critical current density for magnetic fields perpendicular to the ab planes,

and the scaling field Bsc =B cos𝜃 is simply the component of the total field B perpendicular
to the CuO2 planes of the textured film. This scaling relation is also expected to provide a
good approximation for the angular dependence of the critical current density of textured
Bi-2212 films. For RE-123 films, the situation is more complex. A theory proposed by
Blatter et al. [100] leads to the following scaling field for uncorrelated point defects:

Bsc = 𝜀(𝜃)B =
(
cos2𝜃 + sin2𝜃

𝛾a
2

)1∕2
B (9.12)

where 𝜀(𝜃) is an angle dependent anisotropy parameter and 𝛾a = (mc/mab)
0.5 the anisotropy

of the effective electron mass, which arises from the interaction with the complex lattices
under consideration. For Y-123 𝛾a is in the range 5–7. The resulting critical current den-
sity is proportional to Bsc

−1 [101]. In Figure 9.18, the angle dependence of the inverse
anisotropy parameter 1/𝜀 is presented for 𝛾a = 5. In the angle range of 69∘ to 83∘, the jc
of the Y-123 films studied by Yamasaki et al. [101] has been found to be proportional to
Bsc

−1. Intrinsic pinning and stacking faults parallel to the ab planes, which are not taken
into account, lead to a more pronounced peak for 𝜃 = 90∘ (i.e., B || ab planes). On the other
hand, the introduction of artificial pinning centers (e.g., nano-dots, nano-rods) can cause
an additional maximum for 𝜃 = 0∘ (B || c) [102]. The deviations of typical jc versus angle
curves from that expected for random point defects are shown in Figure 9.18.
So far, we have considered only the critical current density for supercurrents, which flow

along the CuO2 (ab) planes. Based on the fact that the CuO2 planes are conductive, whereas
the charge carrier reservoirs separating adjacent CuO2 blocks are insulating, we expect
that the critical current density perpendicular to the CuO2 planes is much smaller than that
along them. The critical currents along the crystallographic c direction have to be consid-
ered as tunneling currents through the insulating layers of the charge carrier reservoirs.
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Figure 9.18 Comparison of the inverse of the angle-dependent anisotropy parameter 𝜀 with
a typical jc versus angle curve of a Y-123 film at 77K and low field. The values of 𝜀 are based
on an anisotropy 𝛾a =5 of the effective mass of the electrons (adapted from [101])

In Hg-1212 films, critical current densities as high as 108 A/cm2 have been measured
along the CuO2 planes, whereas the jc along the c direction is only 5000A/cm2 [103].
For Hg-1223 films with critical current densities of 107 A/cm2 at 10 K, a giant anisotropy
of the effective masses mc and mab has been reported. The value of the ratio mc/mab is as
high as 32 000 [104].

9.6 Grain-Boundary Weak Links

In the previous sections, we have presented data on the critical current densities in sintered
polycrystalline cuprate superconductors, in bulk material, and in textured films. We have
already seen (see Section 9.5.2) that the transport critical current densities in sintered poly-
crystalline cuprate high-Tc superconductors are disappointingly low – apparently due to
granularity. Magnetization measurements show (see, e.g., [1, 105, 106]) that the jc values
within individual grains are much larger than the transport critical current densities. The
observed behavior is caused by grain boundaries acting as weak links for the supercur-
rents. Taking into account that the coherence length along the crystallographic c direction
is extremely short in cuprate superconductors (of the order of interatomic distances) it
seems plausible that grain boundaries can act as barriers for the supercurrents. The fact
that the critical current densities in textured thin films are extremely high indicates that not
all grain boundaries act as weak links. In the textured films, there exist many low-angle
grain boundaries, which seem to be not detrimental to the transport critical current density.
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Figure 9.19 Crystallography of Y-123 films epitaxially grown on SrTiO3 bicrystals. The two
Y-123 grains are separated by an artificial [100] tilt boundary. The right grain is rotated by an
angle 𝜃 around the common c axis (adapted from [107])

In order to clarify the effect of the misalignment of adjacent grains on the critical cur-
rent density across the grain boundary between them, Dimos and coworkers studied the
orientation dependence of the jc values of artificial grain boundaries [107, 108]. In their
excellent work, they used SrTiO3 single crystal substrates on which thin Y-123 films were
grown epitaxially. The use of SrTiO3 bicrystals allows the preparation of two Y-123 grains
with a well-defined misorientation angle 𝜃, which are connected by an artificial grain
boundary. The bicrystals were obtained by hot pressing of two SrTiO3 single crystals at a
temperature of 1450∘C. The deposition of the Y-123 filmswas performed by electron-beam
evaporation of yttrium, barium, and copper or laser ablation from a sintered Y-123 pellet.
To reach the hole concentration, leading to the highest critical temperature, the films were
slowly cooled in an oxygen atmosphere. A sketch of the crystallography of the SrTiO3
bicrystals and the epitaxially grown Y-123 films is presented in Figure 9.19. The right
grain is rotated with respect to the left grain by an angle 𝜃 around the common c axis
([0 0 1] tilt boundary). The c axes of the two grains were misaligned by the small angle 𝜙.
The misalignment angles were determined by Laue X-ray diffraction with an accuracy of
0.5∘. Figure 9.20 shows a sketch of the three microbridges of 10 μm width, patterned into
the two grains and the grain boundary region by means of an excimer laser. The critical
currents of the three microbridges were measured by the four-point method.
The results of theDimos experiment [107] clearly indicate that the critical current density

across the grain boundaries decreases rapidly with the increasing misalignment angle 𝜃.
For a grain boundary characterized by 𝜃 = 0∘ and 𝜙= 3∘, a critical current density as high
as 4MA/cm2 was measured at ≈5K. This value has to be compared with critical current
densities of 7.14 and 8.0MA/cm2 in the two grains. The ratio of the grain boundary jc to
the average value of the two grains is 0.53. This ratio drops to 0.05 at 𝜃 values of 10∘. For
misalignment angles above 20∘, the jc across the grain boundary is around 2%of the average
jc in the grains. In Figure 9.21, the critical current densities across several artificial bicrystal
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Figure 9.20 Sketch of the microbridges patterned into the two Y-123 grains and the grain
boundary region for the four-point measurement of the critical current (after [107])

grain boundaries are shown [108–112]. In general, the jc across different types of grain
boundaries ([1 0 0], [0 0 1] tilt boundaries and [1 0 0] twist boundaries – for more details
see [108]) decreases with increasing misalignment angle. Figure 9.21 suggests that the
critical current density across the grain boundaries drops exponentially with the increasing
misalignment angle:

jc = jc0 exp

(
− 𝜃

𝜃0

)
(9.13)

Here jc0 is the critical current density across a grain boundary with vanishing misalignment
of the adjacent grains, and 𝜃0 the angle leading to a 63% reduction of the grain boundary
jc. For [0 0 1] tilt grain boundaries in Y-123 films, values jc0 ≅ 2× 107 A/cm2 and 𝜃0 ≅ 6.3∘
have been reported for measurements at 4.2K [110]. The corresponding values for Bi-2223
[0 0 1] tilt boundaries are jc0 ≅ 6× 106 A/cm2 and 𝜃0 ≅ 5∘ at 26K [111].
The study of the properties of bulk bicrystal grain boundaries of Y-123 [113] showed

a rapid drop of the critical current densities across the grain boundaries with increasing
misalignment angle of the adjacent grains, as in the case of artificial grain boundaries.
The experimental results confirm that high-angle grain boundaries can act as barriers to

the flow of the supercurrents. The fact that the jc across low-angle grain boundaries is not
significantly reduced, as compared to the jc values in the individual grains, is in line with
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Figure 9.21 Critical current density across artificial grain boundaries versus misalignment
angle. For all considered grain boundaries the critical current density drops nearly exponen-
tially with increasing misalignment angle (data from [108–112])

the high transport critical current densities observed in textured cuprate high-Tc films. Pos-
sible reasons for the weak-link behavior of high-angle grain boundaries are the structural
distortions in this region, which may be accompanied by the segregation of impurities and
variation of the oxygen content at grain boundaries. Evidence for the variation of the oxy-
gen content is a considerably reduced critical temperature found at Bi-2212 bulk bicrystal
grain boundaries [114].
One reason for the weak-link behavior of the grain boundaries is the extremely

short coherence length in connection with the relatively low carrier concentration of
5× 1021 cm−3 in optimally doped cuprate superconductors, which has to be compared
to a conduction electron concentration of 85× 1021 cm−3 in copper. Hilgenkamp and
Mannhart have pointed out similarities between semiconductor-metal interfaces and the
grain boundaries in high-Tc superconductors [115, 116]. Figure 9.22 (top) shows the band
bending at the interface between a p-type semiconductor and a metal with a lower work
function. Electrons flow from the metal into the semiconductor, leading to an excess of
negatively charged acceptor ions and a depletion of holes in the valence band. Currents
from the metal to the semiconductor would lead to a further decrease in the number of
holes in the interfacial region, and hence would enlarge the space-charge region. Currents
from the metal to the semiconductor are therefore negligible (Schottky contact). Due to
large dielectric constants (𝜀≈ 10) and low carrier concentrations, band bending effects
can occur at the grain boundaries of cuprate high-Tc superconductors. As a consequence
the grain boundaries can act as double Schottky barriers, as illustrated in Figure 9.22
(bottom). The estimated Thomas–Fermi screening length 𝜆TF is between 0.5 and 1 nm in
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face (top) and at the grain boundaries of cuprate high-Tc superconductors (bottom) (adapted
from [115])



Superconducting Properties of Cuprate High-Tc Superconductors 193

0.08
0

0.4

0.8

1.2

1.6

2

2.4

2.8

0.12 0.16

Holes/CuO2

0.2 0.24

j c
/M

A
 c

m
–

2

Figure 9.23 Critical current density of a symmetric 24∘ [0 0 1] tilt boundary versus number
of holes per CuO2 unit. The hole concentration in the bicrystalline Y0.7Ca0.3Ba2Cu3O7−𝛿 films
has been varied by means of annealing at different oxygen pressures (data from [110])

cuprate superconductors [115], comparable to the coherence length. The total width of
the insulating layer at the grain boundary is t= d + 2𝜆TF, where d is the typical structural
width of the grain boundary, which is of the order of 0.4 nm. According to [115] the
thickness of the depletion layer is 0.16 nm for 𝜀= 10, an in-built voltage of 0.1V, and a
carrier concentration of 4.5× 1021 cm−3. Thus, the total thickness of the insulating layer
is significantly enhanced by the space-charge region.
Within the double Schottky barrier scenario, it should be possible to improve the elec-

tronic properties of the interface by increasing the charge carrier concentration, for example
by means of Ca doping in Y-123 films. Experimental evidence for an increase of the critical
current densities across symmetric 24∘ [0 0 1] tilt boundaries is presented in Figure 9.23.
As expected, the critical current density at 4.2K across the grain boundary increases with
increasing number of holes per CuO2. This is even true in the overdoped region, where Tc
starts to decrease.

9.7 Summary

Due to the layered crystal structures both the penetration depth and the coherence length
are strongly anisotropic. The coherence length 𝜉ab along the CuO2 planes is of the order of
a few nanometers, whereas 𝜉c along the crystallographic c direction is as small as 0.2 nm
in many cuprate high-Tc superconductors. The values of the penetration depth 𝜆ab related
to screening currents flowing in the CuO2 planes are of the order of 100–200 nm. The
screening currents in the c direction have to cross the insulating layers of the charge carrier
reservoirs, and have to be considered as tunneling currents. As a consequence, 𝜆c is much
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larger than 𝜆ab and can reach values above 1000 nm even at zero temperature. In many
high-Tc superconductors the Ginzburg–Landau parameter 𝜅c = 𝜆ab/𝜉ab is as high as ≈100
indicating that the cuprates are extreme Type II superconductors.
As in metallic Type II superconductors, flux is excluded from the interior of a cuprate

superconductor below the lower critical field Bc1. Between the lower and upper critical
fields, magnetic flux can enter the interior of the superconductor within the normal con-
ducting cores of the vortices, which coexist with superconducting regions in the mixed
state. Above the upper critical field Bc2, the material is in the normal state. In contrast to
metallic Type II superconductors, there exists an irreversibility line well below Bc2. Above
the irreversibility line the critical current density is zero because of vanishing pinning of
the flux lines. This phenomenon has been attributed to melting of the flux-line lattice, or
thermally activated depinning. Below the irreversibility line the vortex matter is in a solid
glass-like phase, and hence the flux lines are pinned.
The critical currents in sintered cuprate high-Tc superconductors are typically well below

1000 A/cm2. Moreover, they decrease strongly even in extremely low fields of the order of
10mT. This behavior has been attributed to grain boundaries, which act as barriers to the
supercurrents. On the other hand, extremely high critical current densities of the order of
1MA/cm2 have been achieved in textured films. This considerably different behavior sug-
gests that not all grain boundaries act as barriers to the transport currents. Experiments
on artificial bicrystal grain boundaries show that the critical current density across the
grain boundary decreases exponentially with increasing misalignment angle of the adjacent
grains. These experimental results suggest that a texture is required to reach high transport
critical current densities.
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10
Flux Pinning in Cuprate High-Tc

Superconductors

10.1 Introduction

In this chapter, wewill discuss flux pinning in cuprate high-Tc superconductors. It is beyond
the scope of this book to discuss pinning theories applicable to cuprate superconductors.
Instead, we will describe the consequences of strong anisotropy on the flux pinning in
high-Tc superconductors. In Section 4.4, we have already mentioned that current flowwith-
out loss is possible in a Type II superconductor only when the flux lines are pinned.Without
pinning, the flux lines would move in the superconductor due to the Lorentz force, leading
to flux flow resistance. The pinning behavior of cuprate high-Tc superconductors is much
more complex than that of low-temperature superconductors because of the much larger
thermal energy at elevated operating temperatures, and the consequences of the layered
crystal structures. After presentation of experimental evidence for the existence of flux lines
in cuprate high-Tc superconductors (see Section 10.2), we will briefly consider the possi-
bility of intrinsic pinning by the insulating charge carrier reservoirs (see Section 10.3). As
a consequence of weak pinning and high transition temperatures, thermally activated flux
creep is possible in the high-Tc superconductors, which is reflected by giant flux creep (see
Section 10.4). In the discussion of the magnetic phase diagram of cuprate high-Tc super-
conductors, we have already introduced the irreversibility line. In Section 10.5, we will
consider the interplay of structural features, artificial pinning centers and irradiation, and
their effect on the position of the irreversibility line in the magnetic phase diagram. Finally,
we will briefly summarize the aspects of pinning behavior in cuprate high-Tc superconduc-
tors in Section 10.6.
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10.2 Vortex Lattice

Above the lower critical field, magnetic flux can enter the interior of a Type II
superconductor via the flux lines. In this mixed state, superconducting regions and normal
conducting vortex cores coexist. Each vortex is encircled by screening currents, which lead
to mutual repulsion of the vortex cores. As a consequence, a hexagonal flux-line lattice
is formed in isotropic metallic Type II superconductors. As soon as a sufficiently large
fraction of the flux lines is pinned, the vortex–vortex interaction prevents flux motion. The
effectiveness of collective pinning is determined by the stiffness of the flux-line lattice.
According to a proposal by Buckel [1], the energy required for the creation of a flux line

can be estimated from the lower critical field Bc1. At the lower critical field, the loss of con-
densation energy and the gain of magnetic expulsion energy become equal (Equation 2.60
in Chapter 2), and hence flux lines start to enter the interior of the superconductor. The
formation energy for a single flux line is

Efl = ∫
Bc1

0
mdB (10.1)

where m = (𝜙0 ∕𝜇0)lfl is the magnetic moment connected with a single flux quantum in a
flux line of length lfl. The required energy per unit length is

Efl

lfl
=
𝜙0

𝜇0
Bc1 (10.2)

Using the definition of the Ginzburg–Landau parameter 𝜅 = 𝜆L∕𝜉 and Equations 4.19 and
4.21 in Chapter 4, we find

Efl

lfl
= 1

4𝜋𝜇0

(
𝜙0

𝜆L

)2

ln

(
𝜆L

𝜉

)
(10.3)

Here, 𝜆L is the penetration depth, 𝜉 the coherence length, and 𝜙0 the flux quantum. For
example, the flux line can be pinned by a normal conducting precipitate. When the flux
line is at the position of a normal region, no energy is required to form the normal vortex
core, and the resulting pinning energy can be estimated with Equation 10.3. In general,
regions with defects leading to a reduced Cooper pair density can act as pinning centers.
In single crystals of YBa2Cu3O7, the flux-line lattice has been observed by means of

a high-resolution Bitter technique [2, 3]. The single crystals were cooled to 4.2K in the
presence of a small magnetic field. After field cooling, the surfaces of the YBa2Cu3O7
samples were decorated with small magnetic nickel particles. Nickel was evaporated in the
presence of ≈0.2 mbar helium gas. A baffle was used to hinder direct evaporation onto the
surface of the YBa2Cu3O7 sample. The fine nickel particles were preferentially deposited
on those parts of the sample surface where a magnetic field is present in the vortex cores of
the flux lines. After warming up to room temperature, the resulting images of the flux-line
lattice were examined by scanning electron microscopy. The results indicated that each
vortex in YBa2Cu3O7 contains just one single flux quantum 𝜙0 as in metallic Type II
superconductors. Magnetic decoration was also successfully used to study the flux-line
lattice in Bi2Sr2CaCu2O8+x single crystals before and after irradiation with 340 MeV Xe
ions [4].
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Another way to study the flux-line lattice of superconductors is the use of scanning
tunneling microscopy [5, 6]. Scanning tunneling microscopy was first applied to visualize
the hexagonal flux-line lattice in the low-temperature superconductor NbSe2 [7, 8]. The
same experimental technique was applied by Maggio-Aprile et al. to study the flux-line
lattice of YBa2Cu3O7 [9, 10]. They found a distorted quadratic lattice with vortices of ellip-
tical shape. The elliptic shape of the vortices is a consequence of the anisotropic coherence
lengths within the CuO2 planes.

10.3 Consequences of Anisotropy and Intrinsic Pinning

In Chapter 9, we have seen that the critical current density in textured films depends not
only on the absolute value but also on the direction of the applied magnetic field. The crit-
ical current density declines rapidly for magnetic fields perpendicular to the CuO2 (ab)
planes, whereas the field dependence is much less pronounced for fields parallel to them.
Figure 10.1 shows the position of the vortices in the layered crystal structure for these two
field directions. For a magnetic field applied perpendicular to the CuO2 planes and a current
flow along the planes, the Lorentz force acting on the vortices is along the CuO2 planes
and transverse to the directions of the applied field and the current (see Figure 10.1a). The
rapid decline of the critical current density for this field direction indicates that the flux
pinning is not very efficient. The cuprate superconductors can be considered as a sequence
of alternating superconducting CuO2 blocks and insulating charge carrier reservoirs along
the crystallographic c direction. The Cooper-pair density in the charge carrier reservoirs is
considerably lower than that in the CuO2 blocks. The strong variation of the Cooper-pair
density is possible because of the extremely short coherence length along the c direction,
which is comparable to interatomic distances. There is a tendency for the flux lines along
the c direction to be cut within the weakly superconducting charge carrier reservoirs, lead-
ing to short flux-line segments or even – in extreme cases – pancake vortices. The latter
exist only within the copper oxide blocks, and are therefore easily movable. Due to this seg-
mentation of the flux lines, pinning by point defects is not very efficient for magnetic fields
perpendicular to the CuO2 planes. The degree of the anisotropy of the critical current den-
sity with respect to the direction of the applied field is closely related to the thickness of the
charge carrier reservoirs and to the number of CuO2 planes in the copper oxide blocks (see
also Section 10.5). In Tl-22(n − 1)n and Bi-22(n − 1)n compounds the anisotropy is very
pronounced because of the relatively thick BaO–TlO–TlO–BaO and SrO–BiO–BiO–SrO
charge carrier reservoirs. In Tl-12(n − 1)n and Hg-12(n − 1)n compounds, the distance
between adjacent CuO2 blocks is smaller than in the 22(n − 1)n cuprates. The charge car-
rier reservoirs consist of only three layers, namely BaO–TlO–BaO or BaO–Hg–BaO. As a
consequence, the anisotropy of the 12(n − 1)n compounds is much less pronounced than
that of the 22(n − 1)n compounds. Bi-2212 and Tl-2212 show a slightly larger anisotropy
than the corresponding Bi-2223 and Tl-2223 compounds.

For fields parallel to the CuO2 planes, the Lorentz force on the vortices is perpendicu-
lar to these planes (see Figure 10.1b). The much less pronounced decrease in the critical
current density suggests that the flux lines are much more efficiently pinned for this field
direction than for magnetic fields perpendicular to the CuO2 planes. It may be expected that
the vortices are efficiently pinned by charge carrier reservoirs with reduced Cooper-pair
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Figure 10.1 (a) For magnetic fields applied perpendicular to the CuO2 planes, the Lorentz
force is parallel to the CuO2 planes. In the charge carrier reservoirs, the density of the Cooper
pairs is significantly reduced, and hence the flux lines are frequently cut within the charge
carrier reservoirs, leading in the worst case to pancake vortices which are restricted to sin-
gle CuO2 blocks. These pancake vortices can easily be moved along the ab planes. (b) For
magnetic fields applied parallel to the CuO2 plains, the Lorentz force is parallel to the c direc-
tion. The charge carrier reservoirs with their reduced Cooper pair density provide an efficient
pinning of the flux lines (intrinsic pinning), hindering their movement parallel to the c direction
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density. The layered crystal structures of the cuprates provide intrinsic pinning for fields
along the CuO2 planes. The effect of intrinsic pinning on the critical current densities in
cuprate superconductors has been discussed in more detail by Tachiki and Takahashi [11].

10.4 Thermally Activated Flux Creep

In cuprate high-Tc superconductors, magnetic relaxation effects aremuchmore pronounced
than in low-temperature superconductors. In magnetic relaxation experiments, the super-
conductor under investigation is cooled in zero field to the envisaged temperature, which
is well below the critical temperature. In the case of studies of the relaxation of the rema-
nent magnetization, a magnetic field is applied and then removed. After field removal,
the relaxation of the magnetization with time is measured. Alternatively the relaxation of
the magnetization in the presence of an applied magnetic field can be studied. In gen-
eral, a considerable reduction in the magnetization has been observed over long periods
in cuprate superconductors. For magnetic fields applied perpendicular to the CuO2 planes,
the relaxation of the magnetization is much faster than for fields parallel to these planes.
In YBa2Cu3O7 single crystals, relaxation of the magnetization has been observed after
zero-field-cooling as well as field cooling [12]. The results suggest that the magnetic relax-
ation effects are a consequence of pronounced thermally activated flux creep. Because of
the relatively weak pinning and the elevated temperatures, thermally activated flux creep
is of much more importance in cuprate high-Tc superconductors than in low-Tc supercon-
ductors.
In the discussion of thermally activated flux creep, we follow the description given in

Ref. [13]. Diffusion in solids is similar to thermally activated flux creep, as illustrated in
Figure 10.2. Even for thermal energies kBT considerably smaller than the pinning energy
Vp, there is a finite probability for the flux lines to hop to adjacent pinning centers. The
Lorentz forces acting on the flux lines reduce the pinning potential, and hence favor ther-
mally activated flux creep.
Conventional flux creep theory assumes that the pinning potential Vp decreases linearly

with the current density

Vp(j) = Vp0

(
1 −

j

jc

)
(10.4)

Here Vp0 is the height of the barrier at zero current and jc the critical current density in the
absence of thermal activation. The hopping rate 𝜈 of the flux lines is given by an Arrhe-
nius law

𝜈 = 𝜈0 exp

(
−
Vp (j)
kBT

)
(10.5)

where the attempt frequency 𝜈0 is typically in the range of 10
10–1012 Hz. For kBT << Vp0,

a logarithmic relaxation results

M(t) = M0

(
1 −

kBT

Vp0
ln

(
t
𝜏0

))
(10.6)
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Figure 10.2 (a) In the absence of a transport current, thermally activated flux creep is similar
to diffusion in a solid. There exists a finite probability of flux-line hopping to the neighboring
potential well. (b) The Lorentz force caused by the transport current, which acts on the flux
lines, leads to a reduction in the potential well, and hence supports flux-line hopping (adapted
from [13]).

HereM0 is the initial value of the magnetization and the time constant 𝜏0 is closely related
to the attempt frequency 𝜈0. In experimental studies of the timely evolution of the magne-
tization, logarithmic as well as nonlogarithmic relaxations have been observed in cuprate
superconductors [12, 14–20]. At elevated temperatures, a nonlogarithmic behavior was
found, while a logarithmic relaxation was observed at sufficiently low temperatures.
Another way to get information on the pinning potential is the study of the resistive

transition in the presence of an applied magnetic field. Measurements in high magnetic
fields have shown that the pinning potential Vp(j) depends logarithmically on the current
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density [21, 22]

Vp(j) = Vp0 ln

(
j0
j

)
(10.7)

At the critical current density j0, the barrier height is zero. Vinokur et al. [23] have shown
that a logarithmic dependence of the pinning potential on the current density leads to a
power law for the magnetic relaxation

M(t) = M0

(
t
𝜏0

)−𝛼
(10.8)

where 𝛼 = kBT∕Vp0 and 𝜏0 is again a time constant characteristic of the magnetic relaxation
process.
Finally, let us briefly consider the results of collective pinning theories [24–26]. They

predict a nonlogarithmic relaxation of the magnetization, which is described by [24]

M(t) = M0

[
1 + 𝜇

kBT

Vp0
ln

(
t
𝜏0

)]− 1
𝜇

(10.9)

The effective pinning potential related to collective pinning is [24]

Vp(j) =
Vp0

𝜇

[(
j0
j

)𝜇

− 1

]
(10.10)

Feigel’man et al. [25] showed that the value of 𝜇 depends on the flux bundle size. For indi-
vidual vortex hopping, they found 𝜇 = 1∕7, while the values of 𝜇 for small and large bun-
dles are 3/2 and 7/9, respectively. The experimental investigations by Ren and de Groot [24]
indicate that magnetic relaxation in an YBa2Cu3O7−𝛿 single crystal can be well described
by collective pinning. They used 𝜇 as a fitting parameter. Their magnetic relaxation data,
measured at 50K, provide nearly constant 𝜇 values of ≈0.2 between 1 and 4T. For fields
above 4 T, 𝜇 increases continuously and reaches a value above 2 at 8 T. Measurements at
a magnetic field of 2 T along the crystallographic c direction provide values of 𝜇 between
0.2 and 0.6 in the temperature range of 10–65 K. A significantly higher value of ≈1.5 was
obtained at 70K and 2 T.
Figure 10.3 shows the relaxation of the remanent magnetization of a Bi-2212 ceramic

[18], a Bi-2212 single crystal [19], and a (Bi,Pb)-2223 ceramic [16]. In the case of the
Bi-2212 ceramic, the remanent state was prepared by increasing the magnetic field to 1 T
within 16minutes. After waiting for at least 1 h, the magnetic field was removed. The relax-
ation data, shown in Figure 10.3, are normalized to the remanent magnetization measured
20 s after the end of the field sweep. The best fit to the measured data was found for a
logarithmic dependence of the pinning potential on the current density (Equation 10.7),
leading to a power law dependence of Mrem(t) (Equation 10.8). Using Equation 10.8, a
pinning potential Vp0 = 22 ± 2 meV was found. The initial magnetization of the Bi-2212
ceramic cylinder was 247 000 ± 8000 A∕m.
The remanent magnetization of the Bi-2212 single crystal was measured after a field

of 0.1 T was applied along the c direction and removed after 10–100 ms. The observed
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relaxation of the remanent magnetization can be well described by the scaling relation [19]

M(t) = M0

(
1 −

[
kBT

Vp0
ln

(
1 + t

𝜏0

)]1∕𝛼)
(10.11)

where M0 is the remanent magnetization at t = 0 and 𝛼 a scaling exponent. The activation
energy, related to the above expression, is Vp(j) = Vp0(1 − j∕jc)𝛼.
The remanent magnetization of the (Bi,Pb)-2223 ceramic samples was measured after

cooling to the desired temperature in zero field, and switching a magnetic field of 1 T on
and off. The field sweep was performed within about 20 s. The remanent magnetization
was found to decay logarithmically.
The data, presented in Figure 10.3, indicate that the observed relaxation of the remanent

magnetization depends on temperature, the time window considered, and the sample type.
For the three different Bi-based cuprate superconductors, the relaxation was found to be
described by differentM(t) relations in the timewindows considered. For the Bi-2212 single
crystal, nonlogarithmic relaxation was observed at times of less than 10 s after removal of
the applied magnetic field. In the case of the (Bi,Pb)-2223 and the Bi-2212 ceramic, the
measurements of magnetic relaxation start at times t0 of 10 and 20 s, respectively. The
observed relaxation is proportional to ln t for times larger than t0. The different relaxation
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Figure 10.3 Relaxation of the remanent magnetization in a Bi-2212 single crystal, a Bi-2212
ceramic, and a (Bi,Pb)-2223 sample (data from [16, 18, 19]). For the Bi-2212 single crystal,
the magnetic relaxation is clearly nonlogarithmic
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found for a Bi-2212 single crystal, a Bi-2212 ceramic, and a (Bi,Pb)-2223 ceramic sample
reflects differences in the pinning potential. The pinning in the Bi-2212 ceramic is more
effective than that in the Bi-2212 single crystal.
In general, the relaxation rate S of the magnetization can be used to derive an effective

activation energy Vp0. From the single barrier expression (Equation 10.6), we get

S = 1
M0

dM

d ln
(

tb
𝜏0

) = −
kBT

Vp0
(10.12)

Here tb is the time at which the measurement begins. For a nonlogarithmic relaxation,
the effective pinning potential Vp0 can be obtained from a fit of the measured data
using the scaling relation M(t) in question. The experimentally determined values of
dM(t)∕d ln(t∕𝜏0) reach a maximum at intermediate temperatures. Hagen and Griessen
proposed that the occurrence of the maximum of the relaxation rate at intermediate
temperatures can be explained by a distribution of activation energies [27].
Figure 10.4 shows the temperature dependence of dM∕d ln(t) of Y-123 and Bi-2212

single crystals. After zero-field-cooling, the magnetization data were collected in mag-
netic fields of 0.06 T (Y-123) and 0.1 T (Bi-2212) applied parallel to the c direction. For
Bi-2212, a maximum of dM∕d ln(t) was found at a temperature of 15K, while for Y-123
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Figure 10.4 Comparison of the magnetic relaxation rates in Y-123 and Bi-2212 crystals (data
from [14]). The relaxation rates in the Y-123 crystal are much smaller than those obtained for
the Bi-2212 crystal, which suggests that the pinning in the Y-123 is much better than in Bi-2212
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the maximum value is reached at 20K. The value of Vp0 = 0.015 eV found for Y-123 is
around a factor of 2 larger than the value of 0.0008 eV obtained for Bi-2212 [14].
Figure 10.5 shows the magnetic relaxation of various cuprate superconductors. The nor-

malized M(t)∕M(t0) data of the above mentioned Y-123 and Bi-2212 single crystals are
also shown [14]. In the case of Y-123, the value of t0 is 200 s. The relaxation of the mag-
netization of Tl-2223 and Tl-1223 [28], both measured at 30K and 1T, can be directly
compared. In Tl-2223, the decrease in the magnetization is much more pronounced than
in Tl-1223. The magnetic relaxation of (Bi,Pb)-2223 at 10K and 0.5 T [29] is comparable
to that of Tl-1223 at 30K and 1T. The measurements performed on a textured Y-123 tape,
before and after irradiation with 180MeV Cu11+ ions, clearly indicate that the magnetic
relaxation after irradiation is significantly reduced [30]. This result reflects the fact that the
defects generated by the irradiation provide a more efficient pinning of the flux lines.
Another way to get information on thermally activated flux creep is the study of the

electrical resistivity at the transition to the normal state in the presence of a magnetic field.
The flux creep resistance is given by

𝜌 = 𝜌ff exp

(
−
Vp0 (B)
kBT

)
(10.13)

where Vp0 is the activation energy and 𝜌ff the resistivity for 1∕T → 0.
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Figure 10.5 Relaxation of the in-fieldmagnetization in various cuprate superconductors (data
from [14, 28–30])
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Figure 10.6 Arrhenius plots of the resistance of a Bi-2212 single crystal for magnetic fields
of 2, 5, and 12 T applied parallel or perpendicular the ab (CuO2) planes. Below 1 μΩ cm, the
lines are straight, as expected for thermally activated flux creep. The inset shows the resistivity
versus temperature curves for fields parallel to the c direction (data from [31])

Figure 10.6 shows Arrhenius plots of the resistance versus temperature curves of a
Bi-2212 single crystal [31] for fields parallel and perpendicular to the crystallographic c
direction. For fields of 2, 5, and 12 T parallel to the c direction, the corresponding resistivity
versus temperature curves are shown in the inset. The width of the transition increases with
increasing applied field.Well below a resistivity of 1 μΩ cm, the resistivity in the Arrhenius
plot depends linearly on 1∕T , as expected for thermally activated flux creep. The slopes of
the resistivity lines in this low resistivity region provide the activation energy Vp0. The data,
presented in Figure 10.6, clearly indicate that the resistivity slopes for fields parallel to the
ab planes are steeper than those for fields parallel to the c direction. This result shows that
the pinning energy for fields along the CuO2 (ab) planes is significantly larger than that for
fields perpendicular to these planes.
Figure 10.7 shows Arrhenius plots of the resistivity of textured Y-123 films with the

addition of 4wt% BaZrO3 [32]. The magnetic fields in the range of 1–8 T are applied
parallel to the c direction. Well below a resistivity of 10 μΩ cm, the dependence of the
resistivity on the inverse temperature is linear, as expected for thermally activated flux
creep. The slopes of the resistivity lines increase with decreasingmagnetic fields, and hence
Vp0 is enhanced at lower fields (see also Figure 10.10).
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Figure 10.7 Arrhenius plots of the resistance of a textured Y-123 film with 4wt% BaZrO3 for
magnetic fields of 1–8 T parallel to the c direction. Below 5 μΩ cm, the lines are straight, as
expected for thermally activated flux creep. The slopes become steeper at low fields, reflecting
an increase in the activation barrier at lower fields (data from [32])

In Figure 10.8, Arrhenius plots of the resistivity of (Y,Gd)-123 textured films [33] with
zirconium additions are shown for fields in the range of 1–17 T. Well below 𝜌 = 10 μΩ cm,
the resistivity again depends linearly on 1∕T , which is consistent with thermally activated
flux creep.
Values of the barrier height Vp0, found from the resistivity at the transition to the nor-

mal state in the presence of a magnetic field, are presented in Figures 10.9 and 10.10.
In Figure 10.9, the activation energies for Hg-1212 [34] and Gd-123 [32] are shown. In
Hg-1212, the activation energy reaches a value of nearly 10 eV at a field of 0.5 T parallel to
the ab planes. The activation energy drops to less than 0.2 eV at a field of 9 T. In magnetic
fields perpendicular to the ab planes, significantly lower activation energies were found.
For example, the barrier height is only slightly above 1 eV at a field of 0.5 T, and drops to
70meV at 9 T.
In the case of Gd-123, the values of Vp0 depend less strongly on the applied magnetic

field. The activation energy reaches nearly 7 eV at a field of 0.5 T parallel to the ab planes.
Even at a field of 8 T, a barrier height of around 1.6 eV has been found. For fields applied
perpendicular to the ab planes, the activation energy drops from 3.7 to 0.7 eV in the field
range of 0.5–8 T.
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Figure 10.8 Arrhenius plots of the resistance of a textured (Y,Gd)-123 film, with 1wt% Zr
doping, for magnetic fields of 1–17 T parallel to the c direction. Below 5 μΩ cm, the lines are
straight as expected for thermally activated flux creep. The slopes become steeper at low fields,
reflecting an increase in the activation barrier at lower fields (data from [33])

In Figure 10.10, the barrier heights of textured Y-123 [35] and Gd-123 films [32] with
various contents of BaZrO3 (BZO) are compared. In all measurements, the magnetic field
was applied parallel to the crystallographic c direction, i.e., perpendicular to the CuO2
planes. Comparable activation energies have been found in Y-123 and Gd-123 films with-
out BZO additions. In the investigated range with up to 4%BZO addition, the barrier height
increases with the weight fraction of BZO added to Y-123. The improved pinning in the
Y-123 films with BZO additions is caused by the self-assembly of BaZrO3 rods along the
c direction during film growth. The improved pinning for fields parallel to the c direc-
tion is reflected by the enhanced barrier heights. For Gd-123 films, the addition of 4wt%
of BaZrO3 leads to a significantly less pronounced dependence of the activation energy
on applied field. However, the activation energy is lower than for the undoped compound
below a field of 3 T. Up to a field of 8 T, the Vp0 values found for Gd-123 with 4wt%
BZO are lower than those achieved in Y-123 with the same amount of BZO. The data in
Figure 10.10 suggest that for fields above 8 T, the barrier height would be highest in the
Gd-123 film with 4wt% BZO.
Finally, it should be mentioned that measurements of the current–voltage characteristics

provide information on the dependence of the activation energy Vp on the current density.
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Figure 10.9 Comparison of the activation energies in Hg-1212 and Gd-123 films in fields
parallel and perpendicular to the ab planes (data from [32, 34])

The electric field generated by thermally activated flux creep can be written as

Ee = j𝜌ff exp

(
−
Vp

(
j∕j0,B,T

)
kBT

)
(10.14)

Here 𝜌ff is the flux flow resistivity for 1∕T → 0. Experimental studies of Ee − j character-
istics of Y-123 films [36] suggest that Vp(j) ∝ (j0∕j)𝜇, as expected for a vortex glass state
(see Section 10.5).

10.5 Irreversibility Lines

In Figure 9.3 of Chapter 9, we presented a simplified magnetic phase diagram of cuprate
high-temperature superconductors. An outstanding feature is the existence of an irre-
versibility line well below the upper critical field. Above the irreversibility line the flux
lines are not pinned, and hence the critical current is zero. High-Tc superconductors can be
used in superconducting magnets or power applications only well below the irreversibility
line. We have already mentioned that one possible explanation for the occurrence of the
irreversibility temperature is the melting of the vortex lattice. For the vortex solid below
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Figure 10.10 Comparison of the activation energies in Y-123 and Gd-123 films with and
without BaZrO3 doping in fields parallel to the c direction (data from [32, 35])

the irreversibility line, a glass-like behavior was reported soon after the discovery of
high-temperature superconductivity. In such a scenario, the irreversibility temperature has
to be considered as the glass temperature above which a vortex liquid exists. According to
the theory of Fisher [37], the vortex glass state is a real superconductor below the glass
temperature. Figure 10.11 shows a sketch of the voltage versus temperature curves for the
vortex glass scenario. The dependence of the voltage on current can be described by the
power law V ∝ In at the glass temperature Tg. At temperatures above Tg, the voltage does
not vanish even in the limit of I → 0. The lgV versus lg I curves bend upward. On the
other hand, the resistance vanishes for I → 0 at temperatures below the glass temperature,
i.e., the lgV versus lg I curves bend downward. This means that in the vortex glass picture,
there exists a real superconducting state below the glass temperature. In investigations of
the current–voltage characteristics of high-Tc superconductors, evidence for the vortex
glass scenario was found [38–40].
As an alternative tomelting of the flux-line lattice, the vanishing critical current above the

irreversibility line may be attributed to thermally activated depinning. Instead of discussing
the reasons for the occurrence of the irreversibility line in more detail, we will focus on
trends for the position of the irreversibility line in the magnetic phase diagram of various
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Figure 10.11 Sketch of the voltage versus current curves expected for a vortex-glass state. At
the glass temperature Tg, the voltage can be described by a power law V ∝ In. Below the glass
temperature, the V versus I curves have a downward curvature, leading to vanishing voltage,
in the limit of small I, while they have an upward curvature above Tg, i.e., V does not vanish
in the same limit

cuprate superconductors. Interesting aspects are the shift of the irreversibility line to higher
fields caused by irradiation, or the introduction of artificial pinning centers.
Figure 10.12 shows the irreversibility lines of Bi-based cuprate superconductors. Due to

the relatively low value of 20.2 T for the upper critical field of the Bi-2201 single crystal,
the irreversibility field could be measured down to low temperatures. For example, the
irreversibility field reaches a value of 12.8 T below a temperature of 2K [41]. Although the
shapes of the irreversibility lines of the four Bi-based high-Tc superconductors are similar,
their positions are shifted according to the very different values of the critical temperature
(Bi-2201: 28.3K, Bi-2212 single crystal: 77.8K [42], melt-processed Bi-2212: 92.8K [42],
(Bi,Pb)-2223 tape: 107.7K [42]).
In Figure 10.13, the irreversibility lines of Tl-based cuprate superconductors are com-

pared [28, 43, 44]. It should be mentioned that the measured irreversibility field depends
not only on the sample properties, but also on the measurement technique and the crite-
rion used to define the onset of irreversibility. A straightforward comparison is, therefore,
only possible for data published by the same authors. The data taken from Ref. [28] clearly
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Figure 10.12 Irreversibility lines of a Bi2(Sr, La)2CuOy single crystal [41], a Bi-2212 single
crystal [42], a melt-processed Bi-2212 sample [42], and a Bi,Pb-2223 tape [42]. The solid lines
are fits based on the relation Birr = B0 (1–T∕Tc)α (Equation 9.2, Chapter 9)

indicate that the irreversibility fields of Tl-1223 are much higher than those of Tl-2223. The
two compounds are distinguishedmainly by the thicknesses of the charge carrier reservoirs,
which consist of BaO-TlO-TlO-BaO layers in Tl-2223, but contain only a single layer of
thallium oxide (BaO-TlO-BaO) in Tl-1223. Due to their insulating character, the thicker
charge carrier reservoirs in Tl-2223 lead to a less good coupling of adjacent supercon-
ducting CuO2 blocks. In consequence, the anisotropy of the superconducting properties is
more pronounced in this material than in Tl-1223. The position of the irreversibility line
of Tl-2223 [43] is only slightly higher than that of Tl-2234 [43].
It has already been shown (see Section 9.4, Table 9.3 in Chapter 9) that the upper crit-

ical fields Bc2 of cuprate high-Tc superconductors depend on the direction of the applied
magnetic field with respect to the superconducting CuO2 planes. For fields parallel to the
CuO2 planes (crystallographic ab planes), Bc2 is much higher than for fields perpendicular
to the CuO2 planes (parallel to c). In general, the irreversibility fields are much lower than
the upper critical field. Consequently, the irreversibility fields for a field perpendicular to
the CuO2 planes are much lower than those for parallel fields. For Y-123 [45] and Hg-1212
[46], this anisotropy of the irreversibility field is illustrated in Figure 10.14. The anisotropy
of Birr for Y-123 is much less pronounced than that found for Hg-1212. It will be shown
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Figure 10.13 Comparison of the irreversibility lines of Tl-1223 [28, 44], Tl-2223 [28, 43], and
Tl-2234 [43]

later (Figures 10.17 and 10.19) that the slope of the irreversibility line of Y-123 is larger
than those of other cuprate superconductors.
Figure 10.15 shows the irreversibility lines of various Hg-12(n − 1)n high-Tc super-

conductors [47–50]. The data taken from Ref. [47] indicate that the positions of the
irreversibility lines of Hg-1201, Hg-1212, and Hg-1223 mainly reflect the different
critical temperatures of the mercury-based high-Tc superconductors. In the series of
Hg-12(n − 1)n compounds, the behavior of the irreversibility line for n > 4 was studied.
The irreversibility field of Hg-1234 [49] is significantly lower than that of Hg-1223 [49].
It has already been mentioned that in compounds with more than three CuO2 planes in
the copper oxide blocks, the critical temperature starts to decrease as compared to the
maximum value typically reached for n = 3. This behavior has been attributed to different
carrier concentrations in nonequivalent CuO2 layers. In compounds with three or more
CuO2 layers in a single copper oxide block, there exist structurally different CuO2 planes.
For example, in Hg-1234 each copper oxide block consists of four CuO2 layers. The outer
two are adjacent to the layers of the charge carrier reservoirs, whereas each of the inner
layers is separated from the charge carrier reservoirs by one of the outer CuO2 layers. A
comparison of the irreversibility fields of Hg-1245 [50] and Hg-12910 [50] indicates a
further reduction in the irreversibility field with increasing number n of CuO2 planes per
copper oxide block.
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Figure 10.14 Irreversibility fields of Y-123 [45] and Hg-1212 [46] for fields parallel and per-
pendicular to the CuO2 (ab) planes. The anisotropy of the irreversibility field with respect to
the direction of the applied magnetic field is much more pronounced for Hg-1212

In Figure 10.16, the irreversibility lines of several RE-123 (RE: Y or another rare earth
element) samples are shown [33, 42, 45, 51]. All considered RE-123 samples show a steep
slope of Birr close to Tc. A comparison of the data of Y-123 [45] and Sm-123 [45] indicates
that the properties of Sm-123 are superior to those of Y-123. The fact that the irreversibility
field of RE-123 superconductors is closer to the upper critical field than in other high-Tc
superconductors seems to be related to the unique structural feature that conducting CuO
chains are embedded in the layers of the charge carrier reservoirs (BaO-CuO-BaO). A large
anisotropy and an accompanied strong reduction in the irreversibility field is a characteristic
of Bi-2212 and Tl-2212. The irreversibility lines of Tl-1223 and Hg-1223 are typically
higher than those of Bi- or Tl-22(n − 1)n, but well below that of Y-123 or other RE-123,
when the data are plotted as a function of the reduced temperature T∕Tc (see Figure 10.17,
data from [34, 52, 53]).
Figure 10.18 shows the irreversibility lines of Hg-1212 [48] before and after

oxygenation. Due to the increase in the critical temperature caused by the oxygenation,
the irreversibility line is also shifted to higher temperatures. Next, the effect of irradiation
on the position of the irreversibility line is considered. A more detailed discussion on
irradiation effects can be found in Ref. [13]. The low values of the irreversibility field
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Figure 10.15 Irreversibility lines of various mercury-based cuprate superconductors (results
from [47–50])

for magnetic fields applied along the c direction seem to be closely related to the weak
pinning in this case. In principle, the amorphous ion tracks generated by heavy ion
irradiation along the c direction can provide significantly improved pinning. Figure 10.18
shows the irreversibility lines of (Bi,Pb)-2223 [54] and Bi-2212 tapes [55] before and
after irradiation. The (Bi,Pb)-2223 tapes were irradiated by 1.08 GeV Au23+ ions up to
a fluence of 1.7 × 1011 Au ions∕cm2. This fluence leads to a large number of columnar
defects parallel to the c direction, which corresponds to a matching field of 3.5 T. The
formation of continuous amorphous tracks was visualized by means of transmission elec-
tron microscopy (TEM). The Bi-2212 tapes were irradiated by 230 MeV Au14+ ions with
a fluence of up to 1.6 × 1011 Au ions∕cm2. The data presented in Figure 10.18 clearly
indicate that in both high-Tc superconductors, the irreversibility field is significantly
enhanced due to the improved pinning provided by the columnar defects parallel to the c
direction.
In Figure 10.19, the irreversibility lines of Y-123 [30], Tl-2212 [52], and Bi-2212 films

[56] and single crystals [52] obtained before and after irradiation are compared. At higher
fluences, the critical temperature of the cuprate superconductor is reduced by heavy ion
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Figure 10.16 Irreversibility lines of various RE-123 cuprate superconductors (results from [33,
42, 45, 51])

irradiation. The irreversibility field is, therefore, plotted as a function of the normalized
temperature T∕Tc. The textured Y-123 thick film was irradiated with 180 MeV Cu11+ ions
at 100K along the average c direction up to a fluence of 1012 ions∕cm2. After irradiation,
the steepness of the irreversibility line was even more pronounced than before. The Bi- and
Tl-2212 single crystals [52] were irradiated with 6GeV Pb ions at 300K. The ion flux was
again parallel to the c direction. For both highly anisotropic compounds, the irreversibility
line is shifted after irradiation to considerably higher reduced temperatures. The Bi-2212
films [56] were irradiated by 1.162GeV Au ions up to a dose of 1011 ions∕cm2. Again, the
irreversibility line is shifted to higher reduced temperatures.
The results clearly indicate that improved pinning introduced by heavy ion irradiation

leads to significantly higher values of the irreversibility fields and temperatures. However,
heavy ion irradiation is not a practicable way to improve the properties of high-Tc wires or
tapes of kilometer length. To improve the pinning properties of RE-123-coated conductors,
artificial pinning centers have been successfully introduced (nanodots, nanorods of sec-
ondary phases). The introduction of artificial pinning centers in RE-123-coated conductors
will be discussed in Chapter 15.
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Figure 10.17 Irreversibility fields of various cuprate high-Tc superconductors as functions of
normalized temperature T/Tc (data from [34, 52, 53])

10.6 Summary

The flux-line lattice in high-Tc superconductors has been made visible by means of mag-
netic decoration techniques and the use of scanning tunneling microscopy. As in metallic
low-Tc superconductors, each vortex contains just one flux quantum.
The anisotropy of the critical current density and irreversibility are closely related to

the electronic anisotropy. We may consider the structure of the cuprate superconductors as
alternating layers of charge carrier reservoirs and CuO2 blocks along the crystallographic
c direction. Adjacent CuO2 blocks and the charge carrier reservoir separating them may be
considered as a built-in Josephson junction. The thicker the layers of the insulating charge
carrier reservoirs, the more weakly the adjacent superconducting CuO2 blocks are cou-
pled. Hence the electronic anisotropy is expected to be more pronounced in cuprates with
thicker insulating charge carrier reservoirs. The more weakly the latter are coupled, the
more pronounced is the electronic anisotropy. It seems to be reasonable that the anisotropy
of Bi- and Tl-22(n − 1)n superconductors with thicker charge carrier reservoirs is more
pronounced than that of Tl- and Hg-12(n − 1)n cuprates with thinner charge carrier reser-
voirs. The RE-123 compounds show much less anisotropy than Bi-, Tl-, and Hg-based
cuprate superconductors, especially close to Tc. This behavior of the RE-123 compounds
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Figure 10.18 The effects of oxygenation and of heavy ion irradiation on the positions of the
irreversibility lines of Hg-1212 [48], (Bi,Pb-2223) [54], and Bi-2212 [55]

seems to arise because only in these materials conducting CuO chains are embedded in the
charge carrier reservoirs. In general, this picture is supported by the observed relaxation of
the magnetization, and by the position of the irreversibility line.
An interesting aspect is the fact that the formation of amorphous tracks along the c

direction, due to heavy ion irradiation, shifts the irreversibility line to higher reduced tem-
peratures T∕Tc. In highly anisotropic Bi- and Tl-2212 superconductors, the effect is very
pronounced. For bismuth-based high-Tc superconductors, irradiations were performed at
angles of 60∘ ((Bi,Pb)-2223 tapes) and 45∘ (Bi-2212 single crystal) with respect to the ab
planes [13, 57, 58]. Measurements of the critical current density of the (Bi,Pb)-2223 tapes
at 60K indicated a peak of jc for a magnetic field of 1T parallel to the ion tracks. This means
that at 60K and 1T, not only pancake vortices but also real flux lines exist, and hence the
ion tracks can act as pinning centers. However, at a lower temperature of 40K this peak
vanishes, implying that only two-dimensional pinning is being observed [57].
In the case of the Bi-2212 single crystal, the resistance versus angle curves, measured at

70K, showed a minimum for an applied field of 0.3 T parallel to the ion tracks. At a higher
field of 2 T, the minimum of the resistance parallel to the ion tracks disappeared [58]. In
a wider range of field and temperatures [13, 57, 58], there exists in general no significant



226 Physical Properties of High-Temperature Superconductors

Y-123 unirradiated

Bi-2212 unirradiated

Tl-2212 unirradiated

Bi-2212 film unirradiated

Bi-2212 film irradiated

Y-123 irradiated

Bi-2212 irradiated

Tl-2212 irradiated

0.2 0.4 0.6 0.8 10

0

2

4

6

8

T /Tc

B
irr

/
T

Figure 10.19 Effect of heavy ion irradiation on the irreversibility lines of Y-123 [30], Bi-2212
and Tl-2212 single crystals [52], and Bi-2212 films [56]. The shift of the irreversibility line to
higher normalized temperatures T∕Tc is most pronounced for the Bi-2212 and Tl-2212 single
crystals. In the case of Y-123, the slope of the irreversibility line is already very steep before irra-
diation. After radiation, the slope is even steeper. Nevertheless, the shift of Birr is less remarkable
than for Bi- and Tl-2212

enhancement of the critical current density for magnetic fields parallel to ion tracks which
are inclined to the ab planes. This seems to be the consequence of the decay of the flux
lines into pancake vortices. For less anisotropic superconductors (e.g., Y-123), enlarged
pinning is not expected to be restricted to columnar defects perpendicular to the ab planes.

If we suppose that the occurrence of the irreversibility lines is due to depinning, the
observed shifts to higher reduced temperatures simply reflect the better pinning. Assuming
the irreversibility line to be caused by the melting of the flux-line lattice, it would necessar-
ily follow that the melting temperature is influenced by the number density and the strength
of the present pinning centers, as proposed by Obaidat et al. [59].

References

1. W. Buckel, Supraleitung, Grundlagen und Anwendungen, Wiley-VCH, Weinheim,
Germany, 1994.



Flux Pinning in Cuprate High-Tc Superconductors 227

2. P.L. Gammel, D.J. Bishop, G.J. Dolan, J.R. Kwo, C.A. Murray, L.F. Schneemeyer,
and J.V. Waszczak, Observation of hexagonally correlated flux quanta in YBa2Cu3O7,
Phys. Rev. Lett., 59, 2592–2595 (1987).

3. G.J. Dolan, G.V. Chandrashekhar, T.R. Dinger, C. Feild, and F. Holtzberg, Vortex struc-
ture in YBa2Cu3O7 and evidence for intrinsic pinning, Phys. Rev. Lett., 62, 827–830
(1989).

4. M. Kraus, M. Leghissa, and G. Saemann-Ischenko, Wechselspiel linienhafter Objekte
in der Nanowelt – Flusslinien und Kernspuren in Hochtemperatur-Supraleitern, Phys.
Bl., 50, 333–338 (1994).

5. S. Behler, Flusslinien-Pinning – sichtbar gemacht mit dem Rastertunnelmikroskop,
Phys. Bl., 50, 428 (1994).

6. Ch. Renner, I. Maggio-Aprile, and Ø. Fischer, Rastertunnelspektroskopie auf
Hochtemperatursupraleitern – Ortsaufgelöste Tunnelspektroskopie und Abbildung
des Flusswirbelgitters, Phys. Bl., 54, 427–430 (1998).

7. H.F. Hess, R.B. Robinson, R.C. Dynes, J.M. Valles, Jr., and J.V. Wasczcak, Scanning
tunneling microscope observation of the Abrikosov flux line lattice and the density of
states near and inside a fluxoid, Phys. Rev. Lett., 62, 214–216 (1989).

8. S. Behler, S.H. Pan, P. Jess, A. Baratoff, H.-J. Güntherodt, F. Lévy, G. Wirth, and
J. Wiesner, Vortex pinning in ion-irradiated NbSe2 studied by scanning tunneling
microscopy, Phys. Rev. Lett., 72, 1750–1753 (1994).

9. I. Maggio-Aprile, Ch. Renner, A. Erb, E. Walker, and Ø. Fischer, Direct vortex lattice
imaging and tunneling spectroscopy of flux lines on YBa2Cu3O7−𝛿 , Phys. Rev. Lett.,
75, 2754–2757 (1995).

10. I. Maggio-Aprile, Ch. Renner, A. Erb, E. Walker, and Ø. Fischer, Critical currents
approaching the depairing limit at a twin boundary in YBa2Cu3O7−𝛿 , Nature, 390,
487–490 (1997).

11. M. Tachiki and S. Takahashi, Effect of intrinsic pinning on critical current in cuprate
superconductors, Cryogenics, 32, 923–929 (1992).

12. Y. Yeshurun and A.P. Malozemoff, Giant flux creep and irreversibility in an
Y–Ba–Cu–O crystal: An alternative to the superconducting glass model, Phys. Rev.
Lett., 60, 2202–2205 (1988).

13. R. Wesche, High-Temperature Superconductors: Materials, Properties and Applica-
tions, Kluwer Academic Publishers, Norwell, MA, 1998.

14. Y. Yeshurun, A.P. Malozemoff, T.K. Worthington, R.M. Yandrofski, L. Krusin-
Elbaum, F.H. Holtzberg, T.R. Dinger, and G.V. Chandrashekhar, Magnetic proper-
ties of YBaCuO and BiSrCaCuO crystals: A comparative study of flux creep and
irreversibility, Cryogenics, 29, 258–262 (1989).

15. L. Civale, A.D. Marwick, M.W. McElfresh, T.K. Worthington, A.P. Malozemoff, F.H.
Holtzberg, J.R. Thompson, and M.A. Kirk, Defect independence of the irreversibility
line in proton-irradiated Y–Ba–Cu–O crystals, Phys. Rev. Lett., 65, 1164–1167 (1990).

16. M. Mittag, R. Job, and M. Rosenberg, Magnetic relaxation and flux creep in ceramic
(Bi, Pb)-2223 HTSC, Physica C, 174, 101–108 (1991).

17. P. Svedlindh, C. Rossel, K. Niskanen, P. Norling, P. Nordblad, L. Lundgren, and G.V.
Chandrashekhar, Non-logarithmic magnetic relaxation in Bi2.2Sr1.7CaCu2O8 single
crystals; evidence for collective flux pinning, Physica C, 176, 336–346 (1991).



228 Physical Properties of High-Temperature Superconductors

18. A. Spirgatis, R. Trox, J. Kötzler, and J. Bock, Non-logarithmic flux creep in Bi-2212,
Cryogenics, 33, 138–141 (1993).

19. M. Nideröst, T. Teruzzi, R. Frassanito, A. Amann, P. Visani, and A.C.Mota, Short-time
flux dynamics in Bi(2212) single crystal, Physica C, 235–240, 2891–2892 (1994).

20. A. Gupta, E.D. Tuset, M.G. Karkut, and K. Fossheim, Short time magnetic relaxation
in Bi2Sr2Ca2Cu3O10 tapes: A study of thermally activated fluxmotion and vortex glass
transition, Physica C, 272, 33–42 (1996).

21. E. Zeldov, N.M. Amer, G. Koren, A. Gupta, M.W. McElfresh, and R.J. Gambino,
Flux creep characteristics in high-temperature superconductors, Appl. Phys. Lett., 56,
680–682 (1990).

22. E. Zeldov, N.M. Amer, G. Koren, and A. Gupta, Flux creep in Bi2Sr2CaCu2O8 epitax-
ial films, Appl. Phys. Lett., 56, 1700–1702 (1990).

23. V.M. Vinokur, M.V. Feigel’man, and V.B. Geshkenbein, Exact solution for flux creep
with logarithmic U(j) dependence: Self-organized critical state in high-Tc supercon-
ductors, Phys. Rev. Lett., 67, 915–918 (1991).

24. Y. Ren and P.A.J. de Groot, Experimental studies on magnetic relaxations in
YBa2Cu3O7−𝛿 : Logarithmic, power law or collective pinning?, Cryogenics, 33,
357–361 (1993).

25. M.V. Feigel’man, V.B. Geshkenbein, A.I. Larkin, and V.M. Vinokur, Theory of col-
lective flux creep, Phys. Rev. Lett., 63, 2303–2306 (1989).

26. M.V. Feigel’man, V.B. Geshkenbein, and V.M. Vinokur, Flux creep and current relax-
ation in high-Tc superconductors, Phys. Rev. B, 43, 6263–6265 (1991).

27. C.W. Hagen and R. Griessen, Distribution of activation energies for thermally activated
flux motion in high-Tc superconductors: An inversion scheme, Phys. Rev. Lett., 62,
2857–2860 (1989).

28. D.N. Zheng, A.M. Campbell, R.S. Liu, and P.P. Edwards, Critical current, magnetic
irreversibility line and relaxation in a single Tl–O layer 1223 superconductor, Cryo-
genics, 33, 46–49 (1993).

29. S. Chu and M.E. McHenry, Irreversibility lines and pinning force density of aligned
(Bi,Pb)2Sr2Ca2Cu3Ox single crystals, IEEE Trans. Appl. Supercond., 7, 1150–1153
(1997).

30. H. Kumakura, K. Togano, N. Tomita, E. Yanagisawa, S. Okayasu, and Y. Kazumata,
Comparative study on 180MeV Cu11+ irradiation effect on textured YBa2Cu3Ox and
Bi2Sr2CaCu2Oy, Physica C, 251, 231–237 (1995).

31. T.T.M. Palstra, B. Batlogg, L.F. Schneemeyer, and J.V. Waszczak, Thermally activated
dissipation in Bi2.2Sr2Ca0.8Cu2O8+𝛿 , Phys. Rev. Lett., 61, 1662–1665 (1988).

32. K. Schlesier, H. Huhtinen, and P. Paturi, Reduced intrinsic and strengthened columnar
pinning of undoped and 4wt% BaZrO3-doped GdBa2Cu3O7−𝛿 thin films: A compar-
ative resistivity study near Tc, Supercond. Sci. Technol., 23, 055010 (2010).

33. S. Awaji, M. Namba, K. Watanabe, M. Miura, M. Yoshizumi, T. Izumi, and Y. Shio-
hara, Flux pinning properties of TFA-MOD (Y, Gd)Ba2Cu3Ox tapes with BaZrO3
nanoparticles, Supercond. Sci. Technol., 23, 014006 (2010).

34. M. Rupp, A. Gupta, and C.C. Tsuei, Magnetic field induced broadening of the resistive
transition in epitaxial c-axis-oriented HgBa2CaCu2O6+𝛿 films, Appl. Phys. Lett., 67,
291–293 (1995).



Flux Pinning in Cuprate High-Tc Superconductors 229

35. M. Safonchik, K. Traito, S. Tuominen, P. Paturi, H. Huhtinen, and R. Laiho,
Magnetic field dependence of the optimal BaZrO3 concentration in nanostructured
YBa2Cu3O7−𝛿 films, Supercond. Sci. Technol., 22, 065006 (2009).

36. P. Berghuis, R. Herzog, R.E. Somekh, J.E. Evetts, R.A. Doyle, F. Baudenbacher, and
A.M. Campbell, Current–voltage measurements as a probe of the activation barriers
for flux creep in thin films of YBa2Cu3O7−𝛿 , Physica C, 256, 13–32 (1996).

37. M.P.A. Fisher, Vortex-glass superconductivity: A possible new phase in bulk high-Tc
oxides, Phys. Rev. Lett., 62, 1415–1418 (1989).

38. R.H. Koch, V. Foglietti, W.J. Gallagher, G. Koren, A. Gupta, andM.P.A. Fisher, Exper-
imental evidence for vortex-glass superconductivity in Y–Ba–Cu–O, Phys. Rev. Lett.,
63, 1511–1514 (1989).

39. H. Yamasaki, K. Endo, S. Kosaka, M. Umeda, S. Yoshida, and K. Kajimura,
Current-voltage characteristics and quasi-two-dimensional vortex glass transition in
epitaxial Bi2Sr2Ca2Cu3Ox films, Cryogenics, 35, 263–269 (1995).

40. Y. Mawatari, H. Yamasaki, S. Kosaka, and M. Umeda, Critical current properties and
vortex-glass – liquid transition inAg-sheathedBi-2223 tapes,Cryogenics, 35, 161–167
(1995).

41. M. Akamatsu, L.X. Chen, H. Ikeda, and R. Yoshizaki, Magnetic properties of the opti-
mally doped Bi-2201 single crystals, Physica C, 235–240, 1619–1620 (1994).

42. N. Ihara and T. Matsushita, Effect of flux creep on irreversibility lines in superconduc-
tors, Physica C, 257, 223–231 (1996).

43. M.R. Presland, J.L. Tallon, P.W. Gilberd, and R.S. Liu, Bulk single-superconducting-
phase thallium “2234” superconductor – Tl2−xBa2Ca3+xCu4O12−𝛿 , Physica C, 191,
307–315 (1992).

44. G. Triscone, A. Junod, and R.E. Gladyshevskii, Magnetic and thermal properties of
the 116K superconductor Tl-1223, Physica C, 264, 233–249 (1996).

45. R. Fuger, M. Eisterer, S.S. Oh, and H.W.Weber, Superior properties of SmBCO coated
conductors at highmagnetic fields and elevated temperatures,Physica C, 470, 323–325
(2010).

46. L. Krusin-Elbaum, C.C. Tsuei, and A. Gupta, High current densities above 100K in the
high-temperature superconductor HgBa2CaCu2O6+𝛿 , Nature, 373, 679–681 (1995).

47. U. Welp, G.W. Crabtree, J.L. Wagner, and D.G. Hinks, Flux pinning and the irre-
versibility lines in the HgBa2CuO4+ 𝛿 , HgBa2CaCu2O6+𝛿 and HgBa2Ca2Cu3O8+𝛿
compounds, Physica C, 218, 373–378 (1993).

48. Z.J. Huang, Y.Y. Xue, R.L. Meng, and C.W. Chu, Irreversibility line of the
HgBa2CaCu2O6+𝛿 high-temperature superconductors, Phys. Rev. B, 49, 4218–4221
(1994).

49. O. Laborde, J.L. Tholence, J. Voiron, M. Saint-Paul, B. Souletie, and J.-J. Capponi,
Irreversibility line and critical current of superconducting HgBa2Can−1CunO2n+2+𝛿
(n= 3, 4 and 5), Physica C, 235–240, 2717–2718 (1994).

50. P.M. Shirage, A. Iyo, D.D. Shivagan, A. Crisan, Y. Tanaka, Y. Kodama, and H. Kito,
Critical current densities and irreversibility fields of a HgBa2Can−1CunO2n+2+𝛿 sample
containing n= 6–15 phases, Physica C, 468, 1287–1290 (2008).

51. J. Hänisch, N. Kozlova, C. Cai, K. Nenkov, G. Fuchs, and B. Holzapfel, Determination
of the irreversibility field of YBCO thin films from pulsed high-field measurements,
Supercond. Sci. Technol., 20, 228–231 (2007).



230 Physical Properties of High-Temperature Superconductors

52. V. Hardy, J. Provost, D. Groult, M. Hervieu, B. Raveau, S. Durčok, E. Pollert, J.C.
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11
Transport Properties

11.1 Introduction

In the previous chapters, the superconducting properties of the cuprate high-Tc supercon-
ductors have been described. The further aspects to be considered in this chapter are the
resistivity in the normal conducting state and the thermal conductivity, both of which are
strongly anisotropic because of the layered crystal structures of the cuprate superconduc-
tors. The transport properties vary considerably for different types of samples. The degree
of disorder in a sintered cuprate superconductor is much more pronounced than in single
crystals or textured films. In sintered polycrystalline material, only averaged values of the
electrical and thermal conductivity can be measured. On the other hand, the anisotropy of
the transport properties can be investigated in textured bulk material, in well-textured films,
and in single crystals. Because of the complex chemistry of cuprate high-Tc superconduc-
tors, nonsuperconducting minor phases may be present, affecting the electrical and thermal
conductivities. In general, the transport properties depend on the exact chemical composi-
tion. The resistivity in the normally conducting state depends strongly on the actual number
density of the mobile charge carriers, which also determines the critical temperature.
In a comparison with the transport properties of good normal conductors such as copper

and aluminum, the considerably different number densities of the mobile charge carriers
need to be taken into account. For example, the number density of the conduction elec-
trons in copper and aluminum is 84.5 × 1021 cm−3 and 180.6 × 1021 cm−3, respectively [1].
In cuprate superconductors, the typical number density of mobile holes is in the range of
3 × 1021 to 17 × 1021cm−3 [2, 3], roughly an order of magnitude less than that in good
normal conductors. A further important difference is the fact that the crystal structures of
aluminum and copper are face-centered cubic. As a consequence, their thermal and elec-
trical conductivities are isotropic and both quantities can be described by a single value. In
conductors having a crystal structure of lower symmetry, the transport properties depend on
the crystallographic direction. Many cuprate high-Tc superconductors crystallize in tetrag-
onal or orthorhombic symmetry.
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Knowledge of the electrical resistivity in the normal state and the thermal conductiv-
ity is frequently needed for the design of superconducting devices. Moreover, theories of
high-temperature superconductivity in cuprates must be able to explain both the supercon-
ducting and the normal-state properties.

11.2 Normal-State Resistivity

As a first example, the resistivity of sintered La2−xSrxCuO4 will be considered. The resis-
tivity of sintered samples is an average over all crystallographic orientations. Figure 11.1
shows the resistivity of La2−xSrxCuO4 with x in the range 0.06–0.25.With increasing stron-
tium content, the formal valence 2+ p of copper increases (i.e., the number of mobile holes
per copper atom increases). As we have already discussed in Chapter 7, the critical temper-
ature of cuprate superconductors shows an inverse parabolic dependence on the number of
holes per copper atom. Figure 11.1 indicates that the critical temperature reaches values of
≈36 [4] and≈38K [5] for two samples with x = 0.15. The critical temperatures for the other
x values of 0.06, 0.076, 0.1, 0.2, and 0.25 are ≈11K,≈24K,≈33K,≈32K, and ≈17K,
respectively [5]. In this range of x, the resistivity decreases with increasing x.
Now increasing strontium content x is accompanied by an increasing number density of

holes. The electrical conductivity is given by 𝜎 = nhe
2
𝜏∕m, where nh is the number density

of holes, e the electron charge and 𝜏 the relaxation time (Equation 2.18 in Chapter 2). Con-
sequently, it seems to be reasonable that the electrical resistivity of sintered La2−xSrxCuO4
samples decreases with increasing x. The fact that the two samples with x = 0.15 show
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Figure 11.1 Resistivity versus temperature of sintered La2−xSrxCuO4 samples. The values of x
range from 0.06 to 0.25 (data from [4, 5])
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Figure 11.2 Resistivity versus temperature curves of two nearly optimally doped
La1.85Sr0.15CuO4 samples. Over a wide range of temperatures, the resistivity depends
linearly on temperature (data from [4, 5])

considerably different normal-state resistivities of around 5 [4] and 1mΩcm [5] clearly
indicates that the electrical conductivity is also strongly dependent on the sample quality.
Figure 11.2 shows that the normal-state electrical resistivity of optimally doped

La1.85Sr0.15CuO4 between 50 and 300K depends nearly linearly on temperature. This
linear dependence of the resistivity on temperature is a characteristic feature of the
resistivity of optimally doped high-Tc superconductors for current flow along the CuO2
planes (see also single crystal data below) [6]. This behavior needs to be explained by a
theory of high-Tc superconductivity.
Figure 11.3 shows the temperature dependence of the resistivity of various

bismuth-based cuprate superconductors (data from [7–14]). The data also indicate
that the resistivity varies strongly for different samples. The resistivity along the CuO2
planes shows metallic behavior, i.e., the resistivity increases with increasing temperature.
This behavior is in fact observed for the in-plane resistivity 𝜌ab of the Bi2Sr2CuO6 single
crystal [7]. The value of 𝜌ab is around 0.28mΩcm at 100 K. In contrast, the resistivity
of the Bi2.15Sr1.85CuO6+x single crystal [8] increases with decreasing temperatures at the
lowest temperatures, as in semiconductors. Furthermore, the resistivity of ≈1.2mΩcm at
100K is significantly larger than that of the Bi2Sr2CuO6 single crystal. For the Bi-2212
single crystals A [10] and B [11], the temperature dependence of the resistivity shows
metallic behavior. At a temperature of 200K, the in-plane resistivity of Bi-2212 A is more
than a factor of 20 larger than that of Bi-2212 B. The lowest resistivity of all considered
bismuth-based high-Tc superconductors shows the single crystal Bi-2212 B with a value
as low as ≈0.11mΩcm at 300K. As we will see later, the anisotropy of the resistivity in
the CuO2 planes (𝜌a∕𝜌b) is of the order of 2. The resistivities of the two (Bi,Pb)-2223
polycrystalline samples [12, 14] and the (Bi,Pb)-2223 fiber [13] are all around 1mΩcm at
a temperature of 290K. The highest resistivity of 4.2mΩcm was found for the Bi-2212
film [9].
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Figure 11.3 Resistivity versus temperature of various bismuth-based cuprate high-Tc super-
conductors (data from [7–14])

Figure 11.4 shows examples of resistivity versus temperature curves of various
thallium-based cuprate superconductors [15–19]. All considered samples show a metallic
behavior, i.e., increasing resistance with increasing temperature. The values of the
resistivity at room temperature are in the range of 1 to 40mΩcm. Resistivity data of
mercury-based high-temperature superconductors [20–24] are presented in Figure 11.5.
As in the case of the thallium-based cuprate superconductors, all the samples show
metallic behavior. In the sintered samples, the resistivity at room temperature is in the
range of 8 to 47mΩcm. Only the Hg-1223 film shows a significantly lower resistivity of
≈0.09mΩ cm at 200K.

Figure 11.6 shows the resistivity of different types of RE-123 (RE=Y or another rare
earth element) samples [25–28]. The Y-123 film exhibits the lowest resistivity, while the
highest resistivity was found in the sintered Y-123 and La-123 samples. In the textured
Er-123 bulk material, an intermediate value of the resistivity was measured. All considered
samples show metallic behavior.
In Figure 11.7, the effect of different heat treatments on the critical temperature

and the normal-state resistivity is illustrated for various cuprate superconductors. The
Bi2.1Sr2Ca0.95Y0.05Cu2O8+𝛿 samples [29] were annealed at temperatures of 500∘C, 700∘C,
820∘C, and 840∘C, followed by rapid cool-down. The heat treatments were performed in
air. The results indicate that the critical temperature increases with increasing annealing
temperature and reaches a maximum for an annealing temperature of 820∘C. Further
enhanced annealing temperatures lead to a reduction of Tc. This behavior suggests that
the as-prepared Bi-2212 is overdoped. Annealing at higher temperatures leads to a loss
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Figure 11.4 Resistivity versus temperature of various thallium-based cuprate high-Tc super-
conductors (data from [15–19])
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Figure 11.5 Resistivity versus temperature of various mercury-based cuprate high-Tc super-
conductors (data from [20–24])
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Figure 11.6 Resistivity versus temperature of RE-123 high-Tc superconductors (data from
[25–28])

of oxygen, which leads to a reduction of the number of mobile holes per Cu atom in the
CuO2 planes, and to a more resistive normal state.
In the case of Tl1.6Hg0.4Ba2Ca2Cu3O10−x [18], annealing in oxygen does not strongly

affect the critical temperature. Nevertheless, the normal-state resistance is significantly
reduced, perhaps because of the ordering effects of the oxygen.
For the textured Er-123 bulk material [28], annealing at 500∘C in 1 bar flowing oxygen

leads to a higher normal-state resistivity than heat treatment at only 400∘C. However, the
critical temperature is not significantly affected.
The critical temperatures of the two as-prepared Hg-1223 samples [23, 24] are well

below 130K. Heat treatment in an oxygen atmosphere increases the critical temperature in
both samples to above 130K. The increase of Tc is accompanied by a significantly reduced
normal-state resistivity. This behavior suggests that the as-prepared Hg-1223 samples are
underdoped. In spite of similar critical temperatures, which suggest that the number den-
sities of mobile holes in both samples are comparable, their normal-state resistivities after
annealing in oxygen differ by a factor of ≈100. The in-plane resistivity of the epitaxial film
is as low as 0.087mΩcm at 200K [24]. For the Hg-1212 sample, oxygen annealing again
leads to an increased critical temperature and a reduced normal-state resistivity. The room
temperature resistivity of the as-prepared Hg-1212 sample is as high as 130mΩcm [22].
Even after two heat treatments in an oxygen atmosphere, the resistivity at 300K exceeds
27mΩcm.
As a further example, we consider the effect of heat treatments under different oxygen

partial pressures on the Tc and the resistivity of thin Bi-2212 single crystals [30]. The single
crystals were annealed for 1 h at 745∘C in atmospheres with oxygen partial pressures of
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0.04, 0.3, 10 and 1000mbar, followed by rapid cooling to room temperature. The heat
treatments led to a reversible change in the critical temperature [30]. The reduction of
Tc with decreasing oxygen partial pressure is accompanied by an increased normal-state
resistivity. The values of the critical temperature based on the midpoint of the transition,
and the corresponding normal-state resistivities, are listed in Table 11.1.
The results in Table 11.1 suggest that the introduction of oxygen by heat treatment at

high oxygen partial pressure increases the number of mobile holes, which is reflected in
the increasing Tc. As a consequence, the normal-state resistivity decreases. Annealing at 1
bar oxygen pressure re-establishes the original Tc value [30].
In Figure 11.8, the effects of irradiation on the normal-state resistivity of Bi-2201 and

(Bi,Pb)-2223 are presented. The Bi-2201 sample [7] was irradiated by electrons. The

Table 11.1 Variation of the critical temperature and normal-state
resistivity of Bi2Sr2CaCu2O8 single crystals with heat treatment at
different oxygen pressures [30]

pO2
(mbar)

Tc(K) 𝜌(300K)
(μΩcm)

𝜌(100K)
(μΩcm)

0.04 ≈47 518 454a

0.3 ≈59 394 189
10 ≈75 310 106
1000 ≈87 178 54

a
𝜌min ≅ 415 μΩcm at 150 K, d𝜌∕dT < 0 for T < 150K.
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Figure 11.8 Effect of irradiation with electrons and 𝛼 particles on the Tc and the resistivity of
Bi-2201 single crystals and of polycrystalline (Bi,Pb)-2223, respectively (data from [7, 31])
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fluence of 1.77 × 1019 e∕cm2 led to a significant reduction of the critical temperature.
Moreover, the normal-state resistivity is significantly enhanced. A higher fluence of
4.34 × 1019 e∕cm2 destroyed superconductivity and led to a further increase of the
resistivity. As a second example, the resistivity versus temperature data of a (Bi,Pb)-2223
sample before and after irradiation with 𝛼 particles are presented in Figure 11.8 [31].
Again the irradiation led to a reduced Tc and an enhanced resistivity. As in metals like
copper, the irradiation damage increases the normal-state resistivity. The decreasing
critical temperature suggests that increasing disorder, caused by irradiation, weakens
superconductivity.
Last but not least, the anisotropy of the resistivity with respect to the different crystallo-

graphic directions will be considered. For the investigation of this anisotropy, high-quality
single crystals or well-textured films are required. In general, the resistivity along the crys-
tallographic c-axis is much larger than the resistivity for current flow along the CuO2
planes. The in-plane resistivity of cuprates crystalizing in tetragonal symmetry can be
described by a single value because 𝜌a = 𝜌b = 𝜌ab. On the other hand, the values of 𝜌a
and 𝜌b are different in Bi-2212 or Y-123 having orthorhombic crystal structures.
In Figure 11.9 (top), the in-plane resistivities of various cuprate high-Tc superconduc-

tors are presented [32–38]. For the Y-123 single crystal, only the in-plane resistivity 𝜌ab
averaged over the a- and b-directions is available. The separate measurement of 𝜌a and 𝜌b
would require the use of single crystals free of twinning. The in-plane resistivity of most of
the considered single crystals shows metallic behavior (i.e., the resistivity increases with
increasing temperature). The resistivity of the different samples at room temperature varies
between 26μΩcm and 6mΩcm.
For the two Bi-2212 single crystals A and B, the values of 𝜌a and 𝜌b were measured. In

both single crystals, the resistivity along the a-axis (𝜌a) was found to be larger than that
along the b-axis (𝜌b). The ratio of 𝜌a to 𝜌b in both cases is above 2.
In Figure 11.9 (bottom), the values of the resistivity 𝜌c for currents perpendicular to the

CuO2 planes are presented [32–37, 39]. In general, the resistivity 𝜌c for currents along the
c direction is much larger than the in-plane resistivity 𝜌ab. A further important aspect is
that, except for Bi-2201 and (Bi,Pb)-2223, the resistivity perpendicular to the CuO2 planes
increases with decreasing temperature. This behavior is similar to that of semiconductors.
The values of the resistivity at room temperature vary between 9mΩcm and 3.6Ωcm.
Using the data shown in Figure 11.9, the anisotropy ratios 𝜌c to 𝜌ab or 𝜌c to 𝜌b have been

calculated and are presented in Figure 11.10. They vary from 30 (Y-123) to more than
100 000 (Bi-2212 B) at room temperature. Typically the ratios increase with decreasing
temperature.
Resistivity data of various cuprate superconductors are listed in Table 11.2 [4, 5,

7–10, 13–28, 30–32, 35–38, 40–80]. The quoted values of the critical temperature have
been taken from the cited articles. In many cases they have been estimated from the
resistivity-versus-temperature curves. In polycrystalline samples, the current percolates
through the sample preferring paths of lower resistivity. The resistivity of sintered cuprate
superconductors typically shows a metallic behavior, like the in-plane resistivity.
The resistivity data listed in Table 11.2 illustrate the effects of different sample types, of

changes in composition, and of different heat treatments. For some of the single crystals,
the values of the out-of-plane resistivity 𝜌c are also quoted.



240 Physical Properties of High-Temperature Superconductors

ρb

ρa

ρb

ρa

50 100 150

(a)

200 250 3000
10

100

1000

10000

Y-123

Bi-2212 A Bi-2212 B

Bi-2201

Nd-214

Sm-214

Hg-1234

La-214

T /K

ρ a
b
/μ

Ω
 c

m

50 100 150

(b)

200 250 3000
1

10

1000

100

10000

T /K

ρ c
/m

Ω
 c

m

Y-123

Bi-2201

Bi,Pb-2212

Bi-2212 B

Bi-2212 A

Nd-214

Sm-214

La-214

Figure 11.9 Top panel: in-plane resistivity of various high-Tc superconductors. For the
Bi-2212 single crystals A and B, resistivity data are presented for current flow along the crystal-
lographic a- and b-axes. The in-plane resistivity shows metallic behavior (data from [32–38]).
Bottom panel: out-of-plane resistivity of cuprate superconductors, frequently showing semi-
conducting behavior (data from [32–37, 39])
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An interesting aspect is the dependence of Tc and resistivity on the film thickness. The
in-plane resistivity data of ultrathin La1.85Sr0.15CuO4 (0 0 1) films, presented in Table 11.2,
indicate that the critical temperature of a film of only 3 nm thickness reaches a value of
32 K, while the resistivity is 1.5mΩcm at 250K. The critical temperature increases with
increasing film thickness and a Tc value of 44K was found at a film thickness of 90 nm.
On the other hand, the resistivity decreases with increasing film thickness and reaches a
value of 0.3mΩcm at 250K for the 90 nm thick film. The preparation and the properties
of superconducting films will be discussed in more detail in Chapter 16.
Very recently, it has been pointed out that some features in the dependence of

normal-state resistivity on temperature seem to be closely related to the occurrence of
the pseudogap at temperatures well above Tc (see Chapter 8). A characteristic feature of
optimally doped cuprate superconductors is the fact that the resistivity depends linearly on
temperature over a broad range of temperature from slightly above Tc up to several hundred
kelvin. Ito et al. investigated the in-plane resistivity of YBa2Cu3O7−y single crystals
[81]. They established a correlation between the deviation from a linear temperature
dependence of the resistivity and the change in the spectrum of the spin fluctuations. The
temperature at which the resistivity starts to deviate from a linear dependence can therefore
be used to estimate the temperature T∗ below which the pseudogap opens (see the sketch
in Figure 11.11) [60, 62]. Raffy et al. showed that the out-of-plane resistivity versus
temperature data of Bi2Sr2CaCu2Oy thin films with various oxygen doping collapse onto
a single curve down to the onset of superconducting fluctuations when the temperature is
normalized to Tmin, where 𝜌c reaches a minimum (see the sketch in Figure 11.11) [62].
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Table 11.2 Electrical resistivity of various cuprate superconductors

Compound Tc(K) T(K) 𝜌(mΩcm) Comments Reference

La1.85Sr0.15CuO4 Ultrathin (0 0 1) films [40]
d = 3 nm 32 50 0.69a

250 1.5a

d = 6 nm 40 50 0.16a

250 0.55a

d = 10 nm 40 50 0.099a

250 0.37a

d = 23 nm 44 50 0.067a

250 0.32a

d = 45 nm 44 50 0.065a

250 0.32a

d = 90 nm 44 50 0.057a

250 0.3a

La1.94Sr0.06CuO4 11 50 1.3 Polycrystalline [5]
250 2.9

La1.924Sr0.076CuO4 25 50 0.78 Polycrystalline [5]
250 2.0

La1.9Sr0.1CuO4 33 50 0.56 Polycrystalline [5]
250 1.6

La1.85Sr0.15CuO4 38 50 0.27 Polycrystalline [5]
250 0.87

La1.85Sr0.15CuO4 36 50 1.4 Polycrystalline [4]
250 4.3

La1.8Sr0.2CuO4 ≈32 50 0.16 Polycrystalline [5]
250 0.59

La1.8Sr0.2CuO4 ≈36 50 2.5 Polycrystalline [41]
250 4.9

La1.75Sr0.25CuO4 ≈16 50 0.12 Polycrystalline [5]
250 0.39

La1.94Ba0.06CuO4−𝛿 ≈15 50 2.8a Single crystals [32]
50 2300b

250 7.9a

250 1600b

La1.92Ba0.08CuO4−𝛿 ≈28 50 2.4a

50 1700b

250 7.0a

250 900b

La1.91Ba0.09CuO4−𝛿 ≈32 50 1.6a

50 1050b

250 5.4a

250 700b

YBa2Cu3O7 90.7 100 0.078a Epitaxial film [26]
270 0.224a

YBa2Cu3O7−𝛿 ≈93 100 0.057 Thin film [42]
250 0.133

(continued overleaf )
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Table 11.2 (continued)

Compound Tc(K) T(K) 𝜌(mΩcm) Comments Reference

YBa2Cu3O7−𝛿 ≈90 100 0.53a Melt textured [43]
250 1.38a

100 4.7b

250 9.2b

YBa2Cu3O7−𝛿 ≈92 100 2.6a Melt textured [44]
250 5.8a

100 28.5b

250 34b

YBa2Cu3O7−𝛿 ≈91 100 0.15a Melt textured [44]
250 0.47a

100 13b

250 28b

YBa2Cu3O7−𝛿 ≈88 100 0.29 Polycrystalline [45]
250 0.56

YBa2Cu3O7−𝛿 ≈92 100 1.15 Polycrystalline [25]
250 2.3

YBa2Cu3O7−𝛿 ≈92 100 4.2 Polycrystalline [46]
250 6.9

YBa2Cu3O7−𝛿 91 100 0.3 Polycrystalline [47]
250 0.7

YBa2Cu3O7−𝛿 ≈91 100 0.32 (0 0 1) film [48]
250 0.74

YBa2Cu3O7−𝛿 ≈92 100 1.0c (1 0 0) film [49]
100 16.5b

250 1.4c

250 22.2b

YBa2Cu3O7−𝛿 90.5 100 1.8c (1 0 0) film [50]
100 32b

250 2.15c

250 27b

YBa2Cu3O7−𝛿 + BaZrO3 Polycrystalline [51]
0 wt% 92.52 100 0.68

300 1.23
1.0 wt% 92.66 100 1.01

300 1.97
2.5 wt% 92.15 100 0.93

300 1.46
5.0 wt% 92.32 100 1.21

300 1.69
10.0 wt% 92.02 100 1.97

300 2.18
YBa2Cu2.97Ni0.03O7−𝛿 85.7 100 1.77 Polycrystalline [52]

250 2.53
YBa2Cu2.94Ni0.06O7−𝛿 81.4 100 0.69 Polycrystalline [52]

250 1.0
YBa2Cu2.91Ni0.09O7−𝛿 76.5 100 3.61 Polycrystalline [52]

250 4.6

(continued overleaf )
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Table 11.2 (continued)

Compound Tc(K) T(K) 𝜌(mΩcm) Comments Reference

Y0.88Ca0.12Ba2Cu3O6.785 83 100 0.083d Single crystals [53]
100 3.74b

250 0.22d

250 6.34b

Y0.88Ca0.12Ba2Cu3O6.793 82 100 0.068d Single crystals [53]
100 2.34b

250 0.19d

250 4.63b

Y0.86Ca0.14Ba2Cu3O6.775 80 100 0.054d Single crystals [53]
250 0.15d

Y0.86Ca0.14Ba2Cu3O6.788 78 100 0.045d Single crystals [53]
250 0.13d

ErBa2Cu3O7−𝛿 ≈90 100 0.43a Bulk material [28]
250 0.95a

NdBa2Cu3O7−𝛿 ≈92 290 0.84 Polycrystalline [54]
NdBa1.9La0.1Cu3O7−𝛿 ≈83 290 1.3
NdBa1.8La0.2Cu3O7−𝛿 ≈58 290 2.1
NdBa1.7La0.3Cu3O7−𝛿 ≈40 290 3.8
LaBa2Cu3O7−𝛿 ≈93.5 100 1.0 Polycrystalline [27]

250 1.95
YBa2Cu4O8 ≈78 100 6.2 Polycrystalline [55]

250 10
YBa2Cu4O8 74 100 0.31 Polycrystalline [56]

250 0.73
Y0.95Ca0.05Ba2Cu4O8 80.5 100 0.40 Polycrystalline [56]

250 0.82
Y0.9Ca0.1Ba2Cu4O8 82 100 0.39 Polycrystalline [56]

250 0.76
Bi2Sr2CuO6+𝛿 ≈22 293 25 Polycrystalline [57]
Bi2Sr2CuO6+𝛿 ≈9 20 0.15a Single crystal [7]

100 0.28a

Bi2.11Sr1.89CuO6+𝛿 6.8 130 0.27a Single crystal [8]
300 0.48a Oxygen annealed

Bi2.11Sr1.89CuO6+𝛿 8.5 130 1.3a Single crystal [8]
300 1.9a Argon annealed

Bi2.15Sr1.85CuO6+𝛿 6.5 130 0.4a Single crystal [8]
300 0.65a Oxygen annealed

Bi1.95Sr1.65La0.4CuO6+𝛿 ≈14 100 0.27a Single crystal [35]
300 0.47a

Bi1.7Pb0.3Sr1.9La0.1CuO6+𝛿 40.8 100 0.07a Single crystal [58]
300 0.17a As grown

Bi2.2Sr2Ca0.8Cu2O8+𝛿 84 100 0.04a Single crystal [59]
300 0.13a

(continued overleaf )



Transport Properties 245

Table 11.2 (continued)

Compound Tc(K) T(K) 𝜌(mΩcm) Comments Reference

Bi2Sr2CaCu2O8+𝛿 ≈88 100 0.033d Single crystal [36]
100 0.015c

100 8400b

300 0.068d

300 0.026c

300 3570b

Bi2Sr2CaCu2O8+𝛿 83 100 0.96a Single crystal [10]
200 1.97a

Bi2Sr2CaCu2O8+𝛿 ≈47 100 0.45a Single crystal [30]
300 0.52a

≈59 100 0.19a

300 0.39a

≈75 100 0.11a

300 0.31a

≈87 100 0.054a

300 0.18a

Bi2Sr2CaCu2O8+𝛿 ≈93 125 0.103a Single crystal [60]
200 0.177a

Bi2.14Sr1.77Ca0.92Cu2O8+𝛿 93 125 0.52d Single crystal [37]
125 0.20c

125 2170b

300 1.02d

300 0.49c

300 1740b

Bi2Sr2CaCu2O8+𝛿 83 120 0.13d Single crystal [61]
120 0.16c

300 0.31d

300 0.35c

Bi2Sr2CaCu2O8+𝛿 ≈85 100 0.24a Thin films [62]
100 4650b

300 0.49a

300 4630b

Bi2Sr2CaCu2O8+𝛿 ≈80 125 2.30a Thin films [9]
300 4.23a

Bi2.2Sr1.8Ca1.05(Cu,Li)2.15 89 125 0.25a Li∕(Li + Cu) = 1.4% [63]
O8+𝛿 single crystals 300 0.40a

92 125 0.12a Li∕(Li + Cu) = 3.0%
300 0.20a

93 125 0.135a Li∕(Li + Cu) = 13%
300 0.30a

Bi1.8Pb0.35Sr1.87Ca2Cu3 111 125 0.5 Fibers [13]
O10+𝛿 300 1.2
Bi1.8Pb0.4Sr2Ca2CuO10+𝛿 110 125 0.44 Polycrystalline [14]

290 1.08

(continued overleaf )
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Table 11.2 (continued)

Compound Tc(K) T(K) 𝜌(mΩcm) Comments Reference

Bi1.4Pb0.6Sr2Ca2Cu3O10+𝛿 105 125 3.1 Polycrystalline [64]
290 5.4

Bi1.9Pb0.3Sr1.6Ca1.9Cu3.4 ≈110 125 3.9 Polycrystalline [65]
O10+𝛿 200 5.0
Bi1.84Pb0.34Sr1.91Ca2.03 112 150 2.1 Polycrystalline [31]
Cu3.06O10+𝛿 300 3.1
Bi1.8Pb0.26Sr2Ca2Cu3O10+𝛿 108 150 0.65 Polycrystalline [12]

300 1.13
TlBa2CaCu2O7+𝛿 ≈105 125 3.5 Polycrystalline [15]

270 5.5
Tl2Ba2CaCu2O8+𝛿 97 125 0.54 Polycrystalline film [66]

300 1.24
Tl2Ba2CaCu2O8+𝛿 102 150 0.58 Film c-axis texture [67]

290 1.04
Tl2Ba2Ca2Cu3O10+𝛿 116 150 0.088 Film c-axis texture [67]

290 0.164
Tl1.6Ba2Ca2.4Cu3O10+𝛿 128 150 1.95 Polycrystalline [16]

300 4.35
Tl1.7Ba2Ca2.3Cu3O10+𝛿 125 150 ≈1.6 Polycrystalline [68]

250 ≈3
Tl2Ba2Ca2Cu3O10+𝛿 ≈129 140 0.63 Polycrystalline [17]

280 1.04
Tl1.6Hg0.4Ba2Ca2Cu3O10−𝛿 126 140 1.21 Polycrystalline [18]

290 2.87
Tl2Ba2Ca3Cu4O12+𝛿 110 150 14.5 Polycrystalline [19]

290 36
(Tl,Pb)Sr2Y0.4Ca0.6Cu2 ≈89 120 Polycrystalline [69]
O7+𝛿, Tl:Pb= 1:1 250 19.2
(Tl,Pb)Sr2Y0.25Ca0.75Cu2 ≈95 120 Polycrystalline [69]
O7+𝛿, Tl:Pb= 1:1 250 14.1
(Tl,Pb)Sr2Y0.1Ca0.9Cu2 ≈96 120 Polycrystalline [69]
O7+𝛿, Tl:Pb= 1:1 250 5.4
(Tl,Pb)Sr2CaCu2O7+𝛿 ≈81 120 Polycrystalline [69]
Tl:Pb=1:1 250 2.65
HgBa2CuO4+𝛿 ≈93 150 24 Polycrystalline [20]

300 47
HgBa2CuO4+𝛿 ≈95 150 3.9 Polycrystalline [21]

290 7.85
HgBa2CaCu2O6+𝛿 ≈126 150 13.6 Polycrystalline [21]

290 20.3
HgBa2CaCu2O6+𝛿 126 150 14 Polycrystalline [70]

300 20

(continued overleaf )
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Table 11.2 (continued)

Compound Tc(K) T(K) 𝜌(mΩcm) Comments Reference

HgBa2CaCu2O6+𝛿 126 150 17.7 Polycrystalline [22]
300 27.6

HgBa2CaCu2O6+𝛿 121 150 0.14a Film c-axis texture [71]
300 0.4a

HgBa2CaCu2O6+𝛿 124 150 0.68 Thin film [72]
250 1.39 Cl doping

122 150 0.27 Thin film [72]
250 0.53 F doping

HgBa2Ca2Cu3O8+𝛿 134 200 18 Polycrystalline [70]
300 27

HgBa2Ca2Cu3O8+𝛿 134 200 44.5 Polycrystalline [73]
300 66.7

HgBa2Ca2Cu3O8+𝛿 132 180 7.3 Polycrystalline [23]
270 11.3

HgBa2Ca2Cu3O8+𝛿 132 160 0.064a Film c-axis texture [24]
200 0.087a

HgBa2Ca2Cu3O8+𝛿 ≈131 180 7.3 Polycrystalline [74]
290 10.6

HgBa2Ca2Cu3O8+𝛿 ≈135 180 15.2 Polycrystalline [75]
290 27.1

HgBa2Ca2Cu3O8+𝛿 ≈132 180 7.3 Polycrystalline [76]
270 11.2

HgBa2Ca3Cu4O10+𝛿 126 150 0.18a Single crystal [38]
300 0.39a

(Hg0.7Tl0.3)2Ba2Y0.7 Ca0.3 ≈57 100 1.75 Polycrystalline [77]
Cu2O8−𝛿 290 2.55
(Cu0.5C0.5)Ba2Ca2Cu3O9+𝛿 67 100 0.16 Polycrystalline [78]

150 0.29
(Cu0.5C0.5)Ba2Ca3Cu4 117 150 0.32 Polycrystalline [78]
O11+𝛿 190 0.46
BSr2Ca3Cu4O11+𝛿 ≈109 150 0.42 Polycrystalline [79]

180 0.52
(B0.6C0.4)Sr2Ca2Cu3O9+𝛿 ≈110 150 1.25 Polycrystalline [80]

300 2.88
(B0.6C0.4)(Sr0.75Ba0.25)2Ca2 ≈110 150 2.23 Polycrystalline [80]
Cu3O9+𝛿 300 4.37
(B0.6C0.4)(Sr0.5Ba0.5)2Ca2 ≈120 150 2.46 Polycrystalline [80]
Cu3O9+𝛿 300 4.93
(B0.6C0.4)(Sr0.25Ba0.75)2Ca2 ≈120 150 1.20 Polycrystalline [80]
Cu3O9+𝛿 300 2.54

aIn-plane resistivity 𝜌ab.
bOut-of-plane resistivity 𝜌c,
c
𝜌b,

d
𝜌a.
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Figure 11.11 Illustration of the determination of the pseudogap temperature T∗ from resis-
tivity versus temperature curves. At higher temperatures the in-plane resistivity (top) depends
linearly on temperature. The first deviation from linearity well above the transition temperature
has been attributed to the opening of the pseudogap [60, 62, 81]. The pseudogap temperature
T∗ depends on the number of mobile holes per Cu atom in the CuO2 planes. Alternatively the
minimum of the out-of-plane resistivity may be used to estimate T∗ [62] . The temperature Tp,
where 𝜌c reaches its peak value immediately above the superconducting transition, has been
attributed to the onset of superconducting fluctuations [62]
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The temperature Tmin is used to estimate the temperature T∗ separating the pseudogap
region from the normal state (see Chapter 8). The use of the minimum of the out-of-plane
resistivity tends to provide higher values of T∗ than the first deviation from linearity of the
in-plane resistivity.

11.3 Thermal Conductivity

In this section, the thermal conductivity of various cuprate superconductors will be con-
sidered. Thermal conductivity data are frequently needed for engineering purposes. For
example, current leads (see, e.g., [82]) are required to connect low-temperature super-
conducting magnets, operated at temperatures close to 4K, with power supplies at room
temperature. To reduce the heat load to the 4K level, the low temperature part (T ≤ 77K)
of the current leads can be made of a bulk high-Tc superconductor. Due to the absence of
Joule heating, it is possible to cool the superconducting part of the current lead only by heat
conduction from the cold end, while the copper part is actively cooled by liquid nitrogen
and the boiled-off gas. The heat flux to the cold end is

dQ
dt

= A
L∫

77K

4K
k(T)dT (11.1)

Here, A is the cross-section of the bulk superconductor, L its length, and k its thermal
conductivity, which depends on temperature T.
An introduction to the principles which govern the thermal conductivity of solids can be

found in [1, 83]. Here, we will describe only some basic ideas of heat conduction in solids
as in [2]. The steady-state thermal current density jQ = (1∕A)(dQ∕dt) can be used to define
the thermal conductivity k:

jQ = −kdT
dx

(11.2)

In metals, the conduction electrons and the phonons contribute to thermal conductivity. The
two contributions behave like two resistors in parallel in the analog electrical circuit [83]

k = kel + kph (11.3)

where kel is the electron and kph the phonon contribution. In analogy to heat conduction in
a gas, the phonon contribution can be written as

kph =
1
3
vphLphCph (11.4)

where vph is the velocity, Lph the mean free path, and Cph the specific heat of the phonons
per unit volume. The mean free path of the phonons is limited by phonon–phonon,
phonon–imperfection, and phonon–electron scattering. The corresponding thermal
resistances add as the resistances in a series connection [83]. The phonon-specific heat is
proportional to T3 at low temperatures (see Section 2.5, Equation 2.47), while it reaches
a constant value of 3R (R is the gas constant) well above the Debye temperature 𝜃D.
Furthermore, the mean free path depends on temperature. At high temperatures the number
of activated phonons is proportional to temperature. Omitting the phonon–imperfection
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and the phonon–electron scattering, this leads to a 1∕T dependence of the phonon mean
free path (see, e.g., [1]).
The electronic contribution to the thermal conductivity is

kel =
1
3
vFLelCel (11.5)

where vF is the Fermi velocity, Lel = vF𝜏 the mean free path of the electrons, and Cel =
(1∕3)𝜋2D(EF)kB2T the contribution of the electrons to the specific heat per unit volume.
The density of states per unit volume of a free electron gas at the Fermi energy is D(EF) =
3ne∕2EF, where ne is the number density of the conduction electrons. UsingCel andD(EF),
the electronic contribution to thermal conductivity can be written as

kel =
𝜋
2nekB

2T𝜏

3m
(11.6)

where m is the electron mass and 𝜏 the relaxation time. The electron mean free path is lim-
ited by electron–phonon and electron–imperfection scattering. The two thermal resistances
related to these scattering mechanisms add like resistances in series [83]. The use of the
expression Cel = 𝛾T (see Section 2.5) leads to

kel =
1
3
𝛾vF

2T𝜏 (11.7)

In the case in which the relaxation times for electrical and thermal processes are identical,
the ratio of the thermal and electrical conductivity of the electronic contribution becomes

kel
𝜎

=
𝜋
2nekB

2T𝜏∕3m
nee2𝜏∕m

= 𝜋
2

3

(
kB
e

)2

T (11.8)

Equation 11.8 is the well-known Wiedemann–Franz law (kel ∕𝜎) = LT , where L is the
Lorenz number. The value of the Lorenz number is 2.45 × 10−8WΩ∕K2. The relaxation
time determining the electrical resistivity is known to be proportional to T−3 for T << 𝜃D
and to T−1 for T >> 𝜃D [84]. Assuming, as in the Wiedemann–Franz law, that the relax-
ation times for electrical and thermal processes are equal, the resulting electronic contri-
bution to the thermal conductivity is constant at high temperatures, while it is proportional
to T−2 at temperatures much lower than the Debye temperature. Electron-impurity and
electron-defect scattering causes a constant residual resistivity at temperatures close to
absolute zero. As a consequence the thermal conductivity is proportional to T at tempera-
tures close to T = 0. The behavior of pure metals at not too low a temperature is typically
well described by the Wiedemann–Franz law [83].

The heat conductivity of pure metals is dominated by the electronic contribution even at
room temperature. In disordered alloys, the electronic and the phonon contributions may be
comparable. Below the critical temperature the conduction electrons in a superconductor
start to form Cooper pairs. Because Cooper pairs do not exchange energy with the lattice,
they do not contribute to heat conduction. As a consequence, the thermal conductivity of
conventional superconductors decreases rapidly below the critical temperature.

Thermal conductivity can be measured by a steady-state heat flux method [83, 85]. A
sketch of the experimental setup is presented in Figure 11.12. By means of resistive heaters
and cooling with liquid helium, the temperatures of the sample and the copper block at the
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Figure 11.12 Sketch of the setup for the measurement of the thermal conductivity by means
of a steady-state heat flux method (adapted from [83, 85])

top can be adjusted to values in the range of 4.2–300K. The use of calibrated silicon diodes
allows the measurement of temperature with an accuracy of ±50mK. The heat flux dQ∕dt
can be obtained from the latent heat of evaporation of the liquid helium and the measured
heater power. The heat flux and the thermal conductivity are related by the expression

||||dQdt
|||| = kA

||||ΔTΔx
|||| (11.9)

Here, A is the cross-sectional area of the sample, k the thermal conductivity,Δx the distance
of the temperature sensors, and ΔT the difference of temperatures T1 and T2.
Figure 11.13 shows the thermal conductivity data of various polycrystalline cuprate

superconductors [47, 64, 86–89]. The thermal conductivity of cuprate high-Tc supercon-
ductors is typically between 1 and 10Wm−1K−1 at temperatures close to room temperature.
Measured resistivity data and the use of the Wiedemann–Franz law allow the estimation
of the electronic contribution to the thermal conductivity. These estimations suggest that
the heat transport in the cuprate superconductors is dominated by the phonon contribution
at elevated temperatures [43, 46, 47, 64, 90–94]. Below the critical temperature, a broad
maximum of the thermal conductivity has frequently been observed. This behavior has
been attributed to reduced phonon–electron scattering in the superconducting state, caused
by the condensation of the mobile charge carriers into Cooper pairs [95].
Figure 11.14 shows the thermal conductivity of three c-axis aligned (Bi,Pb)2Sr2Ca2

Cu3O10+x cuprate superconductors [93, 94, 96]. As in the case of the polycrystalline sam-
ples, there exists a maximum in the thermal conductivity below Tc. For samples A and
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Figure 11.13 Thermal conductivity of various polycrystalline cuprate high-Tc superconduc-
tors (data from [47, 64, 86–89])
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Figure 11.14 Thermal conductivity of three c-axis aligned (Bi,Pb)2Sr2Ca2Cu3O10+x cuprate
superconductors. As in polycrystalline samples the thermal conductivity reaches a broad max-
imum below Tc (data for samples A, B, C from [96, 94, 93], respectively)
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Figure 11.15 In- and out-of-plane thermal conductivity of two melt-textured Y-123 samples.
In spite of a difference of nearly one order of magnitude in the thermal conductivities of Y-123
A [43] and Y-123 B [44], the ratio of kab to kc in both samples is close to 5

B, the thermal conductivity is significantly larger than that of the polycrystalline samples
presented in Figure 11.13.
The thermal conductivity of melt-textured Y-123, measured along the CuO2 planes

and perpendicular to them, provides first evidence for anisotropic heat transport (see
Figure 11.15). For both samples, the in-plane thermal conductivity is nearly a factor of 5
larger than that along the c direction. It is interesting to notice that the thermal conductivity
of the sample Y-123 B [44] is around an order of magnitude larger than that of the sample
Y-123 A [43].
Figure 11.16 shows the thermal conductivities of various bulk cuprate superconductors

[97–102]. The values of the thermal conductivity in the considered temperature range are
between 1 and 10Wm−1K−1. Extremely low values of the thermal conductivity have been
found for Bi-2212 bulk material without added silver [97, 98]. The results are in line with
the data for polycrystalline Bi-based superconductors presented in Figure 11.13. The ther-
mal conductivity of Bi-2212 can be significantly enhanced by the addition of 10wt% silver.
The thermal conductivities of RE-123 superconductors are typically larger than those of
Bi-based cuprates. The textured Er-123 bulk material shows a moderate anisotropy of the
in- and out-of-plane thermal conductivities.
Measurement of the thermal conductivity of textured bulk material indicates that the heat

transport in the cuprates is anisotropic. A more detailed investigation of this aspect requires
the use of single crystals. The results of the measurement of the thermal conductivity of
various single crystals are presented in Figure 11.17 [90–92, 103–104]. The in-plane ther-
mal conductivity kab shows, similarly to polycrystalline material, a pronounced maximum
below the critical temperature. On the other hand, no maximum in the out-of-plane thermal
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Figure 11.16 Thermal conductivities of various cuprate bulk superconductors (data from
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Figure 11.17 In- and out-of-plane thermal conductivities of various cuprate superconductor
single crystals (data from [90–92, 103, 104])
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Figure 11.18 Comparison of the thermal conductivities of Y-123 and Bi-2212 at B = 0 and
B≈14T (data from [98, 99])

conductivity was found for Bi-2212 [91] and La-214 [92] single crystals. For the RE-123
single crystals, a maximum of the thermal conductivity below Tc was found in the in- and
out-of-plane heat transport. The ratio of kab to kc is around 3 in the La-214 single crys-
tal [92] close to room temperature. A more pronounced anisotropy was observed for the
Bi-2212 single crystal. At temperatures well above Tc the in-plane thermal conductivity
is a factor of 6 larger than the out-of-plane thermal conductivity [91]. A similar ratio of
kab to kc was found for the two Y-123 single crystals A [103] and B [104]. An interesting
observation is the fact that for a nonsuperconducting Y-123 single crystal (Tc < 4K) no
maximum in the in-plane thermal conductivity was found below 100K [103]. This is in
line with the hypothesis that the reduced scattering of the phonons by the reduced number
of single electrons present in the superconducting state is responsible for the maximum in
the thermal conductivity below Tc. For the Sm-123 single crystal, the value of the ratio of
kab∕kc is of the order of 4 well above Tc.
The last aspect to be considered is the effect of an applied magnetic field on the thermal

conductivity. In Figure 11.18, the thermal conductivities of Bi-2212 (Tc = 92K) [98] and
of underdoped Y-123 (Tc = 61K) [99], measured without applied field and at ≈14T, are
compared. In both superconductors, the application of a magnetic field reduces the thermal
conductivity in the superconducting state. The effect is most pronounced in the region of
the maximum below Tc. The reduction of the thermal conductivity in the superconducting
state has been attributed to scattering of the phonons and the quasiparticles (unpaired elec-
trons) with the vortices present above the lower critical field Bc1. The Cooper pairs do not
contribute to heat conduction.
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Figure 11.19 Dependence of the thermal conductivity on the applied magnetic field. The
temperatures 69K (Tl-2201 [90]) and 75K ((Bi,Pb)-2223 [93]) are close to the maximum of
the thermal conductivity in the superconducting state (results from [90, 93])

Figure 11.19 shows the dependence of the thermal conductivity of (Bi,Pb)-2223 [94] and
Tl-2201 [90] on the appliedmagnetic field in the superconducting state. At the temperatures
under consideration, the maximum of the thermal conductivity is reached at zero field. In
both cuprates the thermal conductivity decreases with increasing magnetic field. The effect
is more pronounced in Tl-2201.

11.4 Summary

The in-plane resistivity of optimally doped cuprate superconductors shows a linear depen-
dence on temperature over a wide range of temperatures. In general, the in-plane resistivity
shows metallic behavior, which means that the resistivity decreases with decreasing tem-
perature. On the other hand, the out-of-plane resistivity at low temperatures frequently
shows an increase of the resistivity with decreasing temperature, as in semiconductors. The
electrical resistivity of single crystals, textured bulkmaterial, or epitaxial films shows a pro-
nounced anisotropy, with the out-of-plane resistivity being much larger than the in-plane
resistivity. In cuprates with an orthorhombic crystal structure, there also exists a small
anisotropy of the two in-plane resistivities 𝜌a and 𝜌b. For Bi-2212 single crystals, it was
found that the resistivity 𝜌a, measured along the crystallographic a direction, is a factor of
≈2 larger than 𝜌b. The resistivity depends on the exact chemical composition, which deter-
mines the number of mobile holes per CuO2. The oxygen content depends on the synthesis
conditions (annealing temperature and oxygen partial pressure). As in normal metals an
increased resistivity was found after irradiation. The in-plane resistivity of single crystals
is typically in the range of 0.1 to 1mΩcm at room temperature.
The thermal conductivity of cuprate high-Tc superconductors is orders of magnitude

lower than that of pure copper. Due to the relatively low concentration of mobile charge
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carriers, heat is conducted mainly by phonons. The values of the in-plane thermal conduc-
tivity are significantly larger than those for out-of-plane heat transport. The in-plane ther-
mal conductivity shows a broad maximum below the critical temperature. The increase of
thermal conductivity in the superconducting state has been attributed to reduced scattering
of phonons by electrons, because of the condensation of single electrons into Cooper pairs.
An alternative to this hypothesis is an increased electronic contribution to the thermal con-
ductivity due to the reduced electron–electron scattering in the superconducting state [94].
Typical values of the in-plane thermal conductivity are in the range of 1 to 10Wm−1 K−1 at
room temperature. The application of a magnetic field leads to reduced values of the ther-
mal conductivity in the superconducting state. Similarly to electrical resistivity, the values
of thermal conductivity show a considerable variation for different samples.
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12
Thermoelectric and

Thermomagnetic Effects

12.1 Introduction

In normal conducting metals and semiconductors the transport of charge is always
accompanied by heat transport, which leads to the Seebeck, Peltier, and Thomson effects.
The presence of a magnetic field leads to the Nernst effect, the thermal analog of the Hall
effect. In this chapter, these thermoelectric effects will be briefly described. In the absence
of a magnetic field the current density j in an isotropic conductor can be written as [1]

1
𝜌
j = −S∇T − ∇

(
𝜑 − 𝜇

e

)
(12.1)

Here 𝜌 is the electrical resistivity, S is the Seebeck coefficient (thermopower or thermoelec-
tric power), 𝜑 is the electrical potential, 𝜇 is the chemical potential and e is the absolute
value of the electron charge. At absolute zero the chemical potential is equal to the Fermi
energy. Independent of temperature, the value of the Fermi–Dirac distribution function is
f (E) = {exp[(E − 𝜇)∕kBT] + 1}−1 = 0.5 for E = 𝜇. In an open circuit the current density
is zero and the electric field generated by a temperature gradient along the conductor is

Ee = S∇T (12.2)

whereEe = ∇(𝜑 − 𝜇∕e). The thermopower originates from three different physical causes.
The first is that the mobile charge carriers preferentially diffuse from the warm to the cold
end of the conductor. The second is the dependence of the chemical potential of the elec-
trons on temperature. The third cause is that electrons are carried toward the cold end by
the phonons (phonon drag effect).
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In a thermocouple, two metal junctions 1 and 2 are held at two different temperatures T1
and T2 (see Figure 12.1, top). The voltage U generated in the circuit is

U = ∫
T2

T1

(SB(T) − SA(T)) dT (12.3)

where SA and SB are the Seebeck coefficients of metals A and B, respectively. In the
case of a small temperature difference, the temperature dependences of the Seebeck coef-
ficients can be neglected, and the thermovoltage can be approximately written as U ≈
(SB – SA) (T2 − T1). On closing the circuit, the thermocurrent at the hot junction would
flow from the metal with lower Seebeck coefficient to that with the higher one. Figure 12.1
shows the polarity that results for T2 > T1 and SA > SB. When one of the junctions is held at
T1 = 0∘C, the thermocouple can be used to measure the temperature T2. It should be noted
that the thermopower vanishes in the superconducting state because the Cooper pairs do
not transport heat.
In the absence of a magnetic field, the thermal current density jQ, the temperature gra-

dient along the conductor, and the current density j are related by [1]

jQ = −k∇T + Πj +
(
𝜑 − 𝜇

e

)
j (12.4)

where Π is the Peltier coefficient and k is the thermal conductivity. From Equation 12.4,
we obtain for the heat flux

dQ
dt

= −kAdT
dx

+ ΠI + UI (12.5)

Here A is the cross-section of the conductor and I is the current through it. In a conductor
carrying the current I, the Peltier heatQP = Π I t is generated in addition to the Joule heatU
I t (where t is the time). In contrast to the Joule heating, the sign of the Peltier heat depends
on the current direction. We now consider the closed circuit shown in Figure 12.1 (bottom).
It is supposed that T2 > T1 and ΠA > ΠB. At the junction with the lower temperature T1
the current would flow from metal A with the higher Peltier coefficient to metal B with the
lower one. The Peltier heat QP = (ΠA − ΠB) It > 0 is absorbed by the right junction at T1.
The absorbed power due to the Peltier effect is

dQP

dt
= (ΠA − ΠB)I = ΠBAI (12.6)

where ΠA and ΠB are the Peltier coefficients of conductors A and B, respectively. The
Peltier heat QP = (ΠB − ΠA) It = ΠAB I t < 0 is emitted at the left junction at the higher
temperature T2.
A conductor with a temperature gradient along its length, which carries a current, emits,

or absorbs heat. This phenomenon is called the Thomson effect. The heat production q per
unit volume and unit time is

q = 𝜌j2 − 𝜇T j
dT
dx

(12.7)

Here 𝜌 is the resistivity of the conductor, j is the current density, and 𝜇T is the Thomson
coefficient.
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Figure 12.1 Top: sketch of a thermocouple with the two junctions 1 and 2 of metals A and
B at temperatures T1 and T2, respectively. At the metal interfaces 1 and 2, electrons move
from the metal with the lower work function to that with the higher one. For T1 = T2, the
thermovoltages at the two junctions cancel each other. In general, one junction (T1) is kept
at 0 ∘C and the thermovoltage can be used to measure T2. Bottom: in a closed circuit with
two junctions of metals A and B, there flows a thermocurrent I. In the junction with the higher
temperature T2 the current flows from metal B with the lower Seebeck coefficient to metal A
with the higher one. Peltier heat is emitted at the left junction (T2) and absorbed at the right
junction (T1)
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The Peltier, the Seebeck, and the Thomson coefficients are connected by the Thomson
relations, the first of which is [1]

𝜇T = −T dS
dT

(12.8)

The second Thomson relation is [1]

Π = S ⋅ T (12.9)

Next we consider a nonmagnetic normal conductor with a magnetic field Bz applied trans-
verse to a temperature gradient dT∕dx (see Figure 12.2). For zero current, an electric field
Eey perpendicular to both the applied magnetic field and the temperature gradient is gener-
ated. The Nernst coefficient 𝜈 is defined as

𝜈 =
Eey

Bz

(
− dT

dx

) (12.10)

The Nernst effect is very small in normal metals but can be of importance in Type II
superconductors because of the contribution of the vortices [2]. The vortex Nernst effect is
illustrated in Figure 12.3. In the vortex liquid state, the vortices are mobile and diffuse from
the warm to the cold end. Each of the vortex cores is encircled by screening currents. Due
to the superposition of the thermal drift velocity v of the vortices and the velocity ve of the
electrons relative to the center of the vortex, they result in different velocities vt = v + ve
and vt = v − ve on the two sides of the vortex (see Figure 12.3). As a consequence, there
exists a net Lorentz force along the y direction, which causes an electric fieldEe = v×B [2].
The Nernst coefficient can be rewritten as [3, 4]

𝜈 =
Eey

Bz

(
− dT

dx

) =
[
𝛼xy

𝜎
− S tan 𝜃

]
1
Bz

(12.11)

electron

–dT /dx

Eey

Bz

x

y

z

v

Figure 12.2 Illustration of the Nernst effect. For a magnetic field applied along the z axis and
a thermal gradient along the –x axis, the conduction electrons diffuse from the warm to the
cold end and are deflected by the Lorentz force. As a consequence, an electric field Eey is
generated
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x

y

z

v

Figure 12.3 Sketch of the vortice Nernst effect in a Type II superconductor. The vortices
diffuse with velocity v from the warm to the cold end. Due to the superposition of the drift
velocity v and the electron velocity ve around the vortex core, there results for a magnetic field
along z a net Lorentz force along y (adapted from [5])

Here 𝛼xy is the off-diagonal Peltier conductivity in the units (A K−1m−1) (jy =
𝛼xy (−dT∕dx)), 𝜃 = 𝜎xy∕𝜎 is the Hall angle (𝜎 diagonal element, 𝜎xy off-diagonal
element of the conductivity tensor), and S is the thermopower (Seebeck coefficient,
units (μV K−1)). The off-diagonal term includes the normal state term 𝛼

n
xy and the vortex

contribution 𝛼sxy. The investigation of the Nernst effect can provide information on the
existence of vortices originating from superconducting fluctuations above the critical
temperature in the pseudogap region. A more detailed description of the Nernst effect in
cuprate high-Tc superconductors can be found in [5].

12.2 Thermoelectric Power of Cuprate Superconductors

The investigation of the thermopower provides a deeper insight into properties of the
normal state. Figure 12.4 shows the Seebeck coefficients of Y-123 [6], Dy-123 [7], and
neodymium-doped Bi-2234 [8]. For the Y-123 samples, a positive Hall number has
been found, indicating that electrical conduction is dominated by mobile holes. The
Hall number depends nearly linearly on temperature [6]. The Seebeck coefficients of the
two Y-123 samples S1 and S2 are considerably different. For sample S2, the Seebeck
coefficient S is always positive for temperatures between Tc and 300K. As expected, the
value of S is zero below the transition temperature. Sample S1 shows a negative value
of S after 20 thermal cycles between ≈80 K and 300K. After reannealing of sample S1
in an oxygen atmosphere at 500 ∘C for 12 h, S becomes very small, and positive above
≈190 ∘C. The results suggest that two bands with carriers of opposite charge contribute to
the thermoelectric power in Y-123 [6]. At low temperatures, the sign of S is determined
by the product of the charge sign and the sign of the energy derivative dD(E)∕dE of the
density of states at the Fermi energy. The sign of dD(E)∕dE depends on the exact oxygen
content of the sample [6].
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Figure 12.4 Temperature dependence of the Seebeck coefficient of Y-123, Dy-123, and
neodymium-doped (Bi,Pb)-2234 (data from [6–8])

TheDy-123 bulk samples [7] are mixtures of DyBa2Cu3O7−𝛿 and Dy2BaCuO5 (Dy-211)
with a molar ratio of Dy-123:Dy-211= 100:5. The data shown in Figure 12.4 are the ab
plane Seebeck coefficients. As in the case of the Y-123, the Seebeck coefficient is zero
below the critical temperature and depends at higher temperatures on the heat treatment
conditions. The samples were heat treated in flowing oxygen at temperatures of 400 ∘C,
500 ∘C, and 550 ∘C for 100 h. The sample heat treated at 400 ∘C is characterized by a nega-
tive Seebeck coefficient, whereas annealing at 550 ∘C leads to positive values. The Dy-123
sample annealed at 500 ∘C shows an intermediate behavior, with negative S below 170 K
and positive above that. The samples heat treated at higher temperatures are expected to
have a larger oxygen deficiency (δ). The sign change of the thermoelectric power has been
attributed to variations in the oxygen deficiency [7].
The data obtained for Bi1.7Pb0.3−xNdxSr2Ca3Cu4O12+y show the effect of different

neodymium substitutions (0 ≤ x ≤ 0.1) on the thermoelectric power of (Bi,Pb)-2234
[8]. In the sample without Nd substitution, the highest peak value of the thermopower
was found. The height of the peak decreases with increasing Nd content. In addition, the
critical temperature decreases with increasing substitution of neodymium for lead. At
high temperatures, the sign of the Seebeck coefficient changes from positive to negative.
The thermopower data were successfully described within a two-band model [8]. The
theoretical description is based on a narrow band close to the Fermi energy, which is
superimposed on a broad band. The Seebeck coefficient can be well described above the
peak position by [8]

S = AT
B2 + T2

+ 𝛼1T (12.12)
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Here A⋅T and B/T are related to the contributions of mobile holes and semiconductor-like
electrons, respectively, to electrical conduction. The second term 𝛼1 ⋅ T describes a normal
band contribution to the thermopower. In Equations 12.13 and 12.14, E0 is the center of
the narrow band and Γ is its width

A = 2
(E0 − EF)

e
(12.13)

B2 = 3
(E0 − EF)2 + Γ2

𝜋2kB
2

(12.14)

A, B, 𝛼1, (E0 − EF) and Γ were used as fitting parameters. The values obtained for
the sample with x = 0 are [8]: A = 1208.4 μV, B = 65.6 K, 𝛼1 = −0.016 μV∕K2,
E0 − EF = 7.03 K and Γ = 118.78 K. The corresponding values for the sample with
x = 0.1 are [8]: A = 3442.1 μV, B = 166.7 K, 𝛼1 = −0.0550 μV∕K2, E0 − EF = 20.0 K
and Γ = 301.70 K.
Figure 12.5 shows the Seebeck coefficients of Hg-1212 [9], Eu-123 [10],

NdBa2−xLaxCu3O7−𝛿 [11] and Bi2−xSrxCuO6+𝛿 [12]. Similar to the data presented
in Figure 12.4 the thermoelectric power is very sensitive to the exact chemical composi-
tion and the heat treatment conditions. The thermopower of the HgBa2CaCu2O6+𝛿 sample
as grown is positive and reaches a value of ∼12 μV∕K at 140K. The Seebeck coefficient
drops with increasing temperature and reaches a value of <7 μV∕K at 300K. After an
additional annealing for 10 h at 200 ∘C in oxygen the critical temperature was shifted from
120 to 125K. In addition, the peak value of the Seebeck coefficient was reduced from
12 to 9.5 μV∕K and reached a value of 5 μV∕K at 300K. A second heat treatment for
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Figure 12.5 Temperature- and doping-dependences of the Seebeck coefficient of Hg-1212,
Eu-123, Nd-123, and Bi-2201 (data from [9–12])
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35 h at 200 ∘C in oxygen increased the critical temperature slightly to 126K, whereas the
thermoelectric power is further reduced. The peak value is reduced to ≈6.5 μV∕K, while
the value of S is < 3.5 μV∕K at 300K.
For the pure EuBa2Cu3O7−𝛿 (Eu-123) sample, the thermoelectric power is negative for

temperatures between Tc and 300K. Praseodymium doping (Eu0.95Pr0.05)Ba2Cu3O7−𝛿
((Eu,Pr)-123)) led to a reduction of Tc and a sign change of the thermoelectric power.
Partial replacement of Cu by Mn ((Eu0.95Pr0.05)Ba2(Cu1−0.02Mn0.02)3O7−𝛿) reduces the
critical temperature further. Moreover, the values of the Seebeck coefficient are shifted to
even higher positive values than that in the case of (Eu,Pr)-123.
In the NdBa2−xLaxCu3O7−𝛿 system, the thermoelectric power is positive and increases

with increasing x, while the critical temperature decreases with increasing lanthanum con-
tent. In addition, the position of the maximum of S(T) is shifted to higher temperatures with
increasing x. The thermoelectric power, measured at 290K, can be used to determine the
hole concentration [11]. The results are presented in Table 12.1.
The thermoelectric power of Bi2+xSr2−xCuO6+𝛿 varies considerably with substitution of

bismuth for strontium. For x = 0.15, the values of S are negative in the whole temperature
range of 40–300K. The thermopower drops from −4 μV∕K at 40 K to − 15 μV∕K at
300K. On the other hand, the thermoelectric power is always positive for x= 0.4. The
Seebeck coefficient reaches a maximum of ∼37 μV∕K at 180K. The thermopower of
Bi2.2Sr1.8CuO6+𝛿 is positive at low temperatures, but negative above ≈ 160 K.
As a last example, we consider the thermoelectric power of the electron-doped cuprate

superconductor Nd2−xCexCuO4−𝛿 [13–15]. The temperature dependence of the thermo-
electric power of several samples of Nd2−xCexCuO4−𝛿 is shown in Figure 12.6. For samples
A, B, and C, characterized by x= 0.15, the thermoelectric power is positive. The maximum
values of S exceed 2 μV∕K for sample C after annealing at 900 ∘C in flowing nitrogen for
6 h. The peak value of S is only 1.7 μV∕K for the as-grown sample C. The single-crystal
sample A was deoxygenized by annealing for 1 h at 1080 ∘C in flowing nitrogen, leading
to lower values of S than for the optimally annealed sample for which Tc = 24 K. In spite
of the fact that the optimum annealing was applied to the two single crystals A and B, the
Tc of B (24.4K) is slightly higher than that of A. Furthermore, the thermoelectric power
of single crystal B is lower than that of single crystal A. Single crystal B was oxygenated
by an additional heat treatment at 640 ∘C in oxygen, reducing its thermoelectric power.
For sample D, the thermopower is small and positive at temperatures slightly above Tc but

Table 12.1 Variation of the Seebeck coefficient and the
number of holes per copper atom p with lanthanum
doping in the NdBa2−xLaxCu3O7−𝛿 system [11]

Doping x S(290 K)
(μV∕K)

Hole concentration
p

0 5.5 0.136
0.05 7.9 0.127
0.10 13.7 0.113
0.15 18.6 0.105
0.20 27.4 0.095
0.30 35.1 0.088
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Figure 12.6 Seebeck coefficient of the nominally electron-doped cuprate superconductor
Nd2− xCexCuO4+ x versus temperature (data from [13–15])

negative at higher temperatures, reaching values of −0.8 (after 60 h annealing at 900 ∘C
under flowing nitrogen) and −2 μV∕K (24 h at 300K in nitrogen).
The thermoelectric power of samples A and B at higher temperatures was analyzed

within a two-band model similar to that used for the (Bi,Pb)-2234 samples (see above).
The total thermopower is [13]

S =
𝜎h

𝜎h + 𝜎e
Sh +

𝜎e

𝜎h + 𝜎e
Se (12.15)

Here Sh and Se are the Seebeck coefficients for holes and electrons, and 𝜎h and 𝜎e the elec-
trical conductivities for the hole and the electron bands, respectively. The narrow hole-like
band contribution can be written as Sh = A ⋅ T∕(B2 + T2), where A and B are defined in
Equations 12.13 and 12.14. The resulting expression for the total thermoelectric power is
then [13]

S =
(

𝜎h

𝜎h + 𝜎e

)(
AT

B2 + T2

)
+

𝜎e

𝜎h + 𝜎e
𝛼1T (12.16)

Well above 100K the dependence of the thermoelectric power of Nd1.85Ce0.15CuO4−𝛿 on
temperature can be well represented by Equation 12.16 (for more details, see [13]).

12.3 Nernst Effect

In Chapter 8, the generic phase diagram of cuprate high-Tc superconductors was discussed.
Measurements of the tunneling conductance show the existence of a gap-like feature
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well above the critical temperature, especially in underdoped cuprates. One hypothesis
to explain the occurrence of the pseudogap is based on the assumption that Cooper pairs
are already formed at temperatures well above Tc at such small number density that phase
coherence cannot be established. The superconducting state is characterized not only by
the formation of Cooper pairs but also by the fact that all Cooper pairs occupy the same
quantum state. The collective of the phase coherent Cooper pairs can be described by
the wave function 𝜓 = nC

1∕2 exp(i𝜑(r)) (see also Chapter 3). The phase coherence of the
Cooper pairs is effective over long distances, and hence the phase𝜑(r) is a macroscopically
observable quantity (flux quantization, Josephson effects). The Nernst effect allows us to
search for Cooper pairs without phase coherence that are formed at temperatures above Tc.
Their existence would be reflected in the presence of vortices, leading to a Nernst effect
much larger than in normal conductors.
The Nernst effect has been studied in such materials as La2−xSrxCuO4 [3, 5,

16], YBa2Cu3O7−𝛿 [4, 5, 17, 18], (Y,Ca)Ba2(Cu,Zn)3O7−𝛿 [19], Bi2Sr2−yLayCuO6+𝛿
[5], Bi2Sr2CaCu2O8+𝛿 [5, 20, 21], SmBa2Cu3O6+𝛿 [22], and Nd2−xCexCuO4−𝛿 [5].
Figure 12.7 shows the Nernst signal, defined as ey = Eey∕(dT∕dx), of various RE-123
(RE=Y or another rare earth element) superconductors in a magnetic field of 6 T. For
all these materials, there exists a pronounced positive peak at temperatures around the
transition temperature Tc, caused by the contribution of vortices to the Nernst signal. The
vortex contribution depends strongly on the applied magnetic field (see, e.g., [5]). As soon
as the temperature is low enough, the vortices are pinned, and hence their contribution to
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Figure 12.7 Nernst signal ey = Eey∕(dT∕dx) of various RE-123 (RE = Y or another rare earth
element) superconductors at B=6T versus temperature. The large positive peak is caused
by vortices. At the lowest temperatures, the vortices are pinned and hence do not contribute
to the Nernst signal. The typically small Nernst signal at higher temperatures originates from
quasi-particles (unpaired electrons) (data from [4, 5, 17, 19, 22])
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the Nernst signal vanishes at the lowest temperatures. The typically small Nernst signal at
high temperatures is caused by quasi-particles (unpaired electrons). The peak values of the
Nernst signal are reached slightly below Tc and reach values between ≈ 1 and ≈ 4 μV∕K.
Figure 12.8 shows the Nernst signals of La2−xSrxCuO4 (B = 6 T), Bi-2212 (B = 5 T),

and Bi-2223 (B = 6 T) superconductors. As in Figure 12.7, there exists a pronounced
positive peak caused by the vortex contribution to the Nernst signal. The peak values at
B = 6 T are between 4.8 and 6.2 μV∕K for La2−xSrxCuO4, while they are in the range
of 1.4–2.4 μV∕K for Bi-2212 at B = 5 T. A maximum value of 2.6 μV∕K was found for
Bi-2223 at B = 6 T.
Interestingly, a significant vortex contribution to the Nernst signal was observed at tem-

peratures well above Tc, especially in underdoped cuprate superconductors. This provides
evidence that, due to superconducting fluctuations, there exist some non-phase-coherent
(preformed) Cooper pairs well above Tc in the pseudogap region. However, the onset
temperature for the formation of preformed Cooper pairs is well below the temperature
T∗, where the pseudogap opens. These results suggest that the value of Tc of hole-doped
cuprate superconductors is determined by the loss of long-range phase coherence of the
Cooper pairs [5].
Very recent investigations of the Nernst effect have focused more on the quasi-particle

contribution to the Nernst signal. Thus for nontwinned Y-123 single crystals (Tc = 66 K)
(see Figure 12.7), Daou et al. found a pronounced negative quasi-particle contribution
with an onset temperature well above Tc [17]. This quasi-particle contribution was found
to be strongly anisotropic depending on whether the thermal gradient was parallel to the
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Figure 12.8 Nernst signal ey = Eey∕(dT∕dx) of La2−xSrxCuO4 (B = 6 T), Bi-2212 (B = 5 T),
and Bi-2223 superconductors (B = 6 T) versus temperature. The large positive peak is caused
by vortices. At the lowest temperatures the vortices are pinned and hence do not contribute
to the Nernst signal. The typically small Nernst signal at higher temperatures originates from
quasi-particles (unpaired electrons) (data from [3, 5, 20])



276 Physical Properties of High-Temperature Superconductors

crystallographic a- or b-axis. Daou et al. attributed this extremely anisotropic dip in the
Nernst signal to the occurrence of charge stripes. The significantly negative Nernst signal
sets in at a temperature equal to T∗, where the pseudogap opens.

12.4 Summary

The Seebeck effect can be used to study the normal-state properties of cuprate supercon-
ductors, whereas the Nernst effect provides deeper insight into the superconducting state.
As expected, the thermoelectric power vanishes in the superconducting state. In general,
the Seebeck coefficient depends strongly on the heat treatment, the exact chemical com-
position, and the oxygen content. Depending on these factors, the Seebeck coefficient may
be positive or negative or even change sign with temperature. The results suggest that both
hole-like and electron-like bands contribute to current transport. The high temperature val-
ues of the Seebeck coefficient can be typically explained by a two-band model.
The Nernst effect can be used to study the formation of preformed Cooper pairs well

above the transition temperature Tc. Typically, a large vortex contribution to the Nernst
signal was observed around the critical temperature Tc, which vanished only at temper-
atures well above Tc. These results indicate that Cooper pairs can exist above Tc due to
superconducting fluctuations. The loss of superconductivity at Tc seems to be caused by
the loss of long-range phase coherence. However, the onset temperature for the formation
of preformed pairs is lower than the temperature T* for the opening of the pseudogap.
Very recent investigations suggest that the quasi-particle (single electron) contribution

to the Nernst effect is sensitive to charge ordering phenomena (e.g. charge stripes) in the
pseudogap region.
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13
Specific Heat

13.1 Introduction

In Section 2.5, thermodynamics of the superconducting state was briefly described. In the
simplest case, the specific heat of a metal is the sum of the lattice specific heat (phonon con-
tribution) and the contribution of the conduction electrons. As already discussed in Section
2.5, the phonon contribution is proportional to T3 at low temperatures. In the Debye model,
the crystal lattice is considered as a continuous isotropic medium. The Debye frequency
𝜔D = 2π𝜈D is the upper limit for the frequencies that can exist in a solid, corresponding
to the low-wavelength limit. The Debye frequency can be used to define the Debye tem-
perature 𝜃D = h𝜈D∕kB, where h is Planck’s constant and kB is Boltzmann’s constant. The
expression Cph = 234R(T∕𝜃D)3 (R is the gas constant) is a good approximation for the
phonon specific heat at temperatures < 𝜃D∕10.At temperatures well above the Debye tem-
perature, the phonon specific heat approaches the classical value of 3R. Because of Pauli’s
exclusion principle, thermal excitation is possible only for a small fraction of the con-
duction electrons close to the Fermi energy. As a consequence, the conduction electrons
contribute typically <1% to the total specific heat at room temperature. The electronic spe-
cific heat, which depends linearly on temperature, is the dominating contribution to the
specific heat at sufficiently low temperatures. In Section 2.5, we have already shown that
there exists a jump in the specific heat at the critical temperature.
For materials capable of magnetization, there exists a magnetic contributionMdH (M is

the magnetization and H is the magnetic field strength) to the total energy of the system,
and hence a magnetic contribution to the specific heat [1]. In paramagnetic salts, a Schottky
anomaly has been observed. The Schottky specific heat at low temperatures may be signifi-
cantly larger than the electronic and the lattice specific heats. The Schottky effect originates,
e.g., from ions having two energy levels separated by a very small energy difference kB TSch.
In a small temperature interval close to TSch there will occur many transitions from the
lower to the higher energy level, which leads to a large contribution to the specific heat.
At temperatures much higher than TSch the two levels are nearly equally occupied and the
contribution of transitions between the two levels to the specific heat will be negligible [1].
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It is beyond the scope of this chapter to give a detailed description of all physical
phenomena related to the specific heat of solids. An introduction to the aspects related to
specific heat can be found in [1]. In Section 13.2, low-temperature specific heat data of
various cuprate superconductors will be presented. Section 13.3 is devoted to the change
of the specific heat at the transition, including measurements with an applied magnetic
field. Specific heat data for a larger temperature range, frequently required for engineering
purposes, are presented in Section 13.4. Section 13.5 provides a short discussion of the
specific heat of the cuprate high-Tc superconductors.

13.2 Specific Heat at Low Temperatures

In this section, low-temperature specific heat data of various cuprate superconductors are
presented. In general, the measurement of the specific heat is performed at constant pres-
sure, while in theoretical expressions typically the specific heat at constant volume is con-
sidered. For crystalline solids, the difference of Cp and Cv is <10% at room temperature,
decreases with decreasing temperature, and finally vanishes at zero temperature [1]. In the
case of aluminum, the difference of Cp and Cv is 4.55% at room temperature and drops
to 0.48% at 80K [1]. For simplicity, we will not distinguish between Cp and Cv in what
follows. The specific heat data will be presented in the form C∕T versus T2. In the normal
conducting state and in the absence of a Schottky effect, the specific heat is the sum of the
electronic contribution Cel = 𝛾 T and the phonon specific heat Cph = Aph T

3, and hence in
a plot of C∕T versus T2 there results a straight line. The slope provides Aph = 234R∕𝜃D3

(where R is the gas constant and 𝜃D is the Debye temperature), while 𝛾 is obtained from
the intercept at T = 0.
Figure 13.1 shows low-temperature specific heat data of various Y-123 samples [2–7].

An upturn of the specific heat has been found at the lowest temperatures (Schottky
anomaly). The Schottky contribution has been ascribed to the presence of BaCuO2 as an
impurity phase [2, 5]. Omitting the Schottky anomaly, the low-temperature specific heat
can be approximated by C = 𝛾T + Aph T

3. An interesting feature is the fact that linear
extrapolation from above the Schottky anomaly to zero temperature leads to a nonzero 𝛾
value. For a metallic superconductor, it would be expected that the specific heat at T << Tc
is the sum of an exponential electronic term and a cubic lattice term [2]. The measured
specific heat can be affected by the presence of small amounts of impurity phases (e.g.,
CuO, BaCuO2). In Figure 13.1, the specific data for Y-123 pellets without and with the
addition of 23wt% of silver are compared. The measured specific heat of the Y-123
silver composite is slightly larger than the value obtained from the fractions of silver and
Y-123 in the mixture and the specific heat data of both constituents [6]. The waviness
of some C∕T versus T2 curves, presented in Figure 13.1, is an indicator of the scatter in
the data. In Figure 13.1, the specific heat is provided in the unit mJ mole−1 K−1. Another
frequently used unit is mJ g at−1 K−1. A gram atom of a substance includes NA atoms,
where NA = 6.02214 × 1023 is the Avogadro number. One mole of YBa2Cu3O7 contains
13 NA atoms, and hence the molar mass is equal to 13 g atoms. The parameters used to
describe the low-temperature specific heats of different Y-123 samples are gathered in
Table 13.1. In general, the values of 𝛾 are strongly sample dependent. The obtained Debye
temperatures of Y-123 are typically between 371 and 410K.
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Figure 13.1 Low-temperature specific heat of various Y-123 samples presented as C/T versus
T2 (results from [2–7])

Table 13.1 Parameters used to describe the low-temperature specific heat of various Y-123
samples shown in Figure 13.1

Formula 𝛾(mJ mole−1K−2) 𝜃D(K) Comments Reference

C∕T = 𝛾 + AphT
2 a 5.6 410 40 K2 ≤ T2 ≤ 100 K2 [2]

C∕T = 𝛾 + AphT
2 a 9.4 147 0.09 K2 ≤ T2 ≤ 64 K2 [3]

C∕T = 𝛾 + AphT
2 * ≈8.6b ≈374b 0.16 K2 ≤ T2 ≤ 36 K2 [4]

C∕T = 𝛾 + AphT
2 a 4.3 ± 0.2c 371 ± 3 c 0.16 K2 ≤ T2 ≤ 36 K2 [4]

C∕T = 𝛾 + AphT
2 a 7.3 410 25 K2 ≤ T2 ≤ 81 K2 [6]

aWithout Schottky contribution
bSingle transition
cDouble transition (data not shown in Figure 13.1).

Figure 13.2 shows the low-temperature specific heat data of various Bi-2212 and
(Bi,Pb)-2223 samples [8–12]. The data are presented as C/T versus T2. Again, the
low-temperature specific heat varies considerably from sample to sample. Some of
the samples show an upturn of the specific heat at the lowest temperatures. The
low-temperature specific heat of a Bi-2212 single crystal taken from [8] can be well
represented by the expression

C = 𝛾 T + Aph1 T3 + Aph2 T5 (13.1)

The fit for the temperature range 1.25–4.5K provides 𝛾 = 2.07mJmole−1 K−2,
Aph1 = 1.29mJmole−1 K−4, and Aph2 = 0.0228mJmole−1 K−6. The term Aph2 T

5 takes
into account the deviation of the true phonon spectrum from the Debye model. Sasaki
et al. [10] fitted the low-temperature specific heat data of Bi-2212 and (Bi,Pb)-2223 by
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Figure 13.2 Low-temperature specific heat of various bismuth-based superconductors pre-
sented as C/T versus T2 (results from [8–12])

the equation
C = 𝛼T−2 + 𝛾 T + Aph1 T3 + Aph2 T

5 (13.2)

They found for Bi-2212 the fit parameters 𝛼 = 22.2mJKmole−1, 𝛾 = 0.1mJmole−1 K−2,
Aph1 = 2.83mJmole−1K−4, and Aph2 = 0.0016mJmole−1K−6. The estimated Debye tem-
perature is 217K [10].



Specific Heat 283

Table 13.2 Parameters used to represent the low-temperature specific heat of (Bi,Pb)-2223
based on Equation 13.3 in the temperature range of 2–14K [11]

Sample 𝛼(mJ mole−1K) 𝛾(mJ mole−1K−2) 𝜃D(K) TE (K) NE(mJ mole−1K−1)

BPSC14 50.86 10.44 292 54.07 5298
BPSC22 23.18 1.96 282 53.34 5701
BPSC22 38.02 0 276 54.43 5195

Collocott and Driver [11] described the specific heat data of Bi-2212 and (Bi,Pb)-2223
between 5 and 20K by Equation 13.3

C = 𝛼T−2 + 𝛾 T + Aph T
3 + NE

(
T
TE

)2 exp
(

T
TE

)
[
1 − exp

(
T
TE

)]2 (13.3)

The fourth term represents an Einstein specific heat, which is characterized by the exci-
tation of oscillators with a single frequency, where TE is the Einstein temperature and NE
is the Einstein constant. The occurrence of an Einstein mode seems to be in line with the
phonon dispersion curves of Bi-2212 with an optical mode in the zone center [11]. As in
Equation 13.2, the first term approximates the Schottky contribution to the specific heat.
The scaling parameters for the (Bi,Pb)-2223 samples BPSC14 and BPSC22 are listed in
Table 13.2. In general, the parameters depend on the temperature range selected for the fit.
Figure 13.3 shows low-temperature specific heat data of Hg-1201 [13], Y-124 [5],

Y-247 [14], La2CuO4 [15], and La1.8Sr0.2CuO4 [16]. Again the data are represented as C/T
versus T2.
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Figure 13.3 Low-temperature specific heat of various cuprate high-Tc superconductors pre-
sented as C/T versus T 2 (results from [5, 13–16])
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13.3 Specific Heat Jump at the Transition to Superconductivity

In this section, the anomaly in the specific heat data close to the transition temperature
Tc is considered. Figure 13.4 shows the specific heat of various cuprate superconductors
close to their transition temperatures in the absence of an applied magnetic field [17–24].
In order to highlight the jump in the specific heat, the data are plotted as C/T versus T.
The transition temperature of YBa2Cu4O8 (Y-124) [17] is 81.4K. A jump of ΔC∕Tc of ∼
16mJmole−1K−2 and a Debye temperature of 350 ± 10K have been obtained. The Gd-123
[18], Dy-123 [19], and Y-123 A [19] samples show pronounced specific-heat anomalies at
the transition temperatures. The values of ΔC∕Tc are ≈44, ≈28, and ≈50mJmole−1 K−2

for Gd-123, Dy-123, and Y-123 A, respectively. For the sample Y-123 B, a smaller value
of the specific heat jump normalized to Tc of only 17mJmole−1 K−2 was found. Especially
for Bi-2212 the jump in the specific heat would be hardly visible in a plot of C versus T
[23], while a small and broadened anomaly is found in the C/T versus T data. The sample
(Bi,Pb)-2223 A is characterized by a critical temperature of 106.5K, a Debye temperature
of 245K, and a specific heat anomaly ΔC∕Tc of 33.6mJmole−1 K−2 [22]. In spite of the
fact that Tc = 107K of sample (Bi,Pb)-2223 B is nearly identical to that of sample A the
value of ΔC∕Tc = 24mJmole−1 K−2 [21] is significantly lower than that found for sample
A. The jump in the specific heat of Tl-2223 normalized to the critical temperature of≈108K
reaches a value of 52mJmole−1 K−2 [20].
To complete the picture, the results of specific heat measurements in the presence of a

magnetic field are also presented. However, a detailed discussion of the in-field specific
heat is beyond the scope of the present book. Figure 13.5 compares the specific heats of
Bi-2212 single crystals measured with and without an applied magnetic field [9, 25]. For
both Bi-2212 single crystals A [25] and B [9], a pronounced anomaly in the C/T versus
T data is visible at the transition temperature in the absence of a magnetic field. A mag-
netic field of 14 T applied along the CuO2 (ab) planes decreases the peak value of C/T only
marginally. In addition, the hump in C/T around Tc is shifted to lower temperatures. This
behavior has been attributed to superconducting fluctuations above Tc, which are of impor-
tance only in the absence of a magnetic field [25]. A magnetic field of 14 T applied along
the crystallographic c direction strongly suppresses the specific heat anomaly around Tc.
The in-field specific heat data illustrate the remarkable anisotropy of the superconducting
properties in the cuprate high-Tc superconductors.
In Figure 13.6, the in-field and zero-field specific heat data of three Y-123 samples are

compared [26–28]. In the absence of a magnetic field, all the three Y-123 samples exhibit
a pronounced jump in the C/T versus T data. Applying a magnetic field of 20 T parallel
to the crystallographic c direction suppresses the jump in C/T in the single crystal sample
Y-123 A. For the single crystal sample B, measurements were performed at 14 T with the
magnetic field parallel as well as perpendicular to the ab planes. The field parallel to the
ab planes affects the jump in C/T only weakly, whereas the same field parallel to the c
direction effectively suppresses the hump in C/T. In the case of the polycrystalline Y-123
sample, an intermediate magnetic field effect was observed. Such behavior can be expected
from the different orientations of the grains in the polycrystalline sample with respect to
the direction of the applied magnetic field of 14 T.
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Figure 13.4 Specific heat of various cuprate high-Tc superconductors close to the transition
temperatures in question. The data (Bi-2212, RE-123 (RE = Y, Dy or Gd), Y-124 (top panel),
Tl-2223, (Bi,Pb)-2223 bottom panel) are plotted as C/T versus T (results from [17–24])
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Figure 13.6 Specific heats of various Y-123 samples in the presence and absence of an
applied magnetic field in the vicinity of Tc. The data are plotted as C/T versus T. Magnetic
fields parallel to the c direction strongly suppress the jump in the specific heat at Tc. The mag-
netic field effect is much less pronounced for fields parallel to the ab (CuO2) planes (results
from [26–28])
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13.4 Specific Heat Data up to Room Temperature

Finally, specific heat data for temperatures up to room temperature, frequently required for
engineering purposes, will be presented. In contrast to the previous sections, the data will
be presented as C versus T, and the specific heat will be in the unit J g−1K−1.
Figure 13.7 shows the specific heat data of various yttrium-based superconductors. The

specific heats of all samples are very similar. For better readability, the specific heat data
of Y-123 B [28], Y-123 A [6], Y-124 B [5], and Y-124 A [17] are shifted by 0.01, 0.02,
0.03, and 0.04Jg−1 K−1, respectively. Only the data for Y-123C are presented without an
offset. The specific heats of the samples Y-123 B, Y-123-C, and Y-124 A all reach a value
of ≈0.43Jg−1 K−1 at room temperature.
Figure 13.8 shows the specific heat data of various bismuth-based cuprate high-Tc super-

conductors [9, 21–23, 29]. The specific heat of the sample Bi-2212 A reaches a value of
∼ 0.34Jg−1 K−1 at 290K. The specific heat of 0.42Jg−1 K−1(T ≈ 290K) of the sample
(Bi,Pb)-2223 A is comparable to the values found for the yttrium-based superconductors.
In Figure 13.9, the specific heat data of Tl-2201 [30], Tl-2223 [20], Hg-1201 [13],

and Hg-1223 [31] are presented. At 200 K, the specific heat of these thallium- and
mercury-based cuprate superconductors is between 0.26 and 0.37Jg−1 K−1.

0 15050 100 250 300200
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Y-124 B [5]

Offset 0.03 J g–1 K–1

Y-123 A [6]

Offset 0.02 J g–1 K–1

Y-123 B [28]

Offset 0.01 J g–1 K–1

Y-123 C [24]

No offset

Y-124 A [17]

Offset 0.04 J g–1 K–1

C
/J

 g
–
1
 K

–
1

T /K

Figure 13.7 Specific heat versus temperature data of various yttrium-based cuprate super-
conductors (results from [5, 6, 17, 24, 28]). For better readability, the specific heat data of
Y-123 B, Y-123 A, Y-124 B, and Y-124 A are shifted by 0.01, 0.02, 0.03, and 0.04Jg−1 K−1,
respectively
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Figure 13.8 Specific heat versus temperature of various bismuth-based cuprate supercon-
ductors (results from [9, 21–23, 29])
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13.5 Summary

The specific heat of cuprate high-Tc superconductors shows a complex behavior at low tem-
peratures. Frequently an upturn of the specific heat is observed at the lowest temperatures.
This Schottky contribution depends strongly on minor phases present in the investigated
samples. Another aspect is the occurrence of a linear term 𝛾 T in the specific heat at low
temperatures. The determination of the value of 𝛾 is difficult in the presence of a significant
Schottky anomaly. In general, the Debye temperature, 𝛾 , and other fit parameters depend
strongly on the temperature range.
RE-123 (RE is a rare earth element) cuprate high-Tc superconductors show a pronounced

jump in the specific heat at the critical temperature Tc. On the other hand, only a broad
hump was observed in the specific heat of Bi-2212 around Tc. This broadened specific
heat anomaly has been attributed to superconducting fluctuations. A magnetic field applied
along the crystallographic c direction strongly suppresses the specific heat anomaly at Tc,
while the effect of magnetic fields applied parallel to the CuO2 (ab) planes is much less
pronounced.
The room temperature specific heat is typically in the range of 0.3–0.5Jg−1 K−1. The

Debye temperatures of cuprate high-Tc superconductors are typically in the range of
195–410K [32].
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14
Powder Synthesis and Bulk Cuprate

Superconductors

14.1 Introduction

In the previous chapters, the physical properties of cuprate superconductors have been
described. So far, we have not considered their processing. The first step in the fabrication
of superconducting wires and tapes by the powder-in-tube (PIT) method is the synthesis of
the appropriate cuprate superconductor powders.
In this chapter, an overview of the synthesis of cuprate superconductor powders will be

provided, focusing on Y-123, bismuth-, thallium- and mercury-based cuprate supercon-
ductors. In the Bi-22(n − 1)n, Tl-22(n − 1)n, Tl-12(n − 1)n, and Hg-12(n − 1)n high-Tc
superconductor families, there exist several compounds which are distinguished only by the
number n of the CuO2 layers in the copper oxide blocks. The CuO2 layers are separated by
(n − 1) layers of calcium ions. As a consequence the prepared powders are typically mix-
tures of different members of the same cuprate superconductor family. The synthesis of a
single member of such a family may be possible only in a narrow window of processing
conditions (starting materials, maximum reaction temperature, reaction time, and oxygen
partial pressure). A more detailed description of the processing of cuprate superconductor
powders can be found in [1].
A second aspect to be considered is the manufacture and the properties of bulk cuprate

superconductors. Bulk high-Tc superconductors can be used for current leads, which are
required to connect superconductingmagnets operated at low temperatures with power sup-
plies at room temperature. They can be used in fault current limiters, as magnetic bearings,
and as magnetic shielding. When a bulk high-Tc superconductor is cooled to well below
its transition temperature in the presence of a high magnetic field, a significant magnetic
induction can be frozen into it. As long as the material is kept at low temperature it may be
used as a permanent magnet.

Physical Properties of High-Temperature Superconductors, First Edition. Rainer Wesche.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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14.2 Synthesis of Cuprate Superconductor Powders

14.2.1 Yttrium-based Superconductors

We follow the description of the processing of yttrium-based superconductors presented
in [1]. The superconductor YBa2Cu3O7−𝛿 can easily be prepared by the solid-state reaction
of appropriate amounts of high purity Y2O3, BaCO3, and CuO [2–9]. In laboratory scale
processing, the precursor powders are thoroughly mixed and ground with a mortar and
pestle. The chemical reaction is

Y2O3 + 4BaCO3 + 6CuO → 2YBa2Cu3O6.5 + 4CO2 ↑ (14.1)

In order to avoid contamination of the superconductor powder, the reaction is performed
in platinum crucibles (see, e.g., [3]). The powders are calcined in air or flowing oxygen at
temperatures in the range of 925–950 ∘C for 10 to 24 h. To further improve the homogene-
ity of the YBa2Cu3O6.5 powder, the calcined powder is reground and heat-treated again at
925–950 ∘C. After a further grinding and mixing step, the powder is pressed into pellets
and sintered at 900–950 ∘C under flowing oxygen. The maximum critical temperature of
92K can be achieved only in the fully oxidized material. The pellets must therefore be
annealed at 400–500 ∘C under flowing oxygen, followed by slow cooling to room temper-
ature [3–10]:

2YBa2Cu3O6.5 + (0.5 − δ)O2 → 2YBa2Cu3O7−δ (14.2)

The preparation of YBa2Cu3O7−𝛿 pellets via solid-state reaction is shown in Figure 14.1.
The effect of the use of CuO2, BaO, and BaO2 on the formation of YBa2Cu3O7−𝛿 was
studied by Peacor et al. [11]. The results of their synthesis studies show that the use of
BaO2 is beneficial for the formation of YBa2Cu3O7−𝛿 , whereas the use of BaO and Cu2O as
precursor materials seems to provide no real advantage in the processing of Y-123 powders.
The substitution of BaCO3 by BaO2 leads to the elimination of the repeated calcination
steps, and hence a reduced reaction time [11].
Disadvantages of the preparation of Y-123 powders by solid-state reaction are long reac-

tion times, time-consuming intermediate grindings, and an unavoidable nonhomogeneity
on the atomic scale. Alternative powder synthesis routes, which avoid these problems, are
citrate pyrolysis [12, 13] and oxalate co-precipitation [14]. First, citrate pyrolysis will be
briefly described. A sketch of the main steps of citrate pyrolysis is presented in Figure 14.2.
Appropriate amounts of Y2O3, BaCO3, and CuO are dissolved in hot nitric acid (HNO3)
and carefully mixed with the addition of citric acid. The resulting blue solution is neu-
tralized with ammonia (NH3 + H2O) and the pH value is controlled. The spontaneous
combustion of the yttrium, barium, and copper citrates leads to an expanded dark foam of
submicron particles. By means of annealing at 400 ∘C under vacuum, organic contaminants
are removed. The resulting powder contains the metal ions of yttrium, barium, and copper
in the ratio 1:2:3. After heat treatment at 950 ∘C for 18 h under flowing oxygen, the pre-
cursor powder is crushed, thoroughly mixed, and pressed into pellets. Finally, the pellets
are sintered for 18 h at 980 ∘C under flowing oxygen, followed by cool-down at a rate of
50 ∘C/h to room temperature.
A further synthesis route is based on the co-precipitation of yttrium, barium, and copper

oxalates [14]. A sketch of this powder processing route is presented in Figure 14.3. The



Powder Synthesis and Bulk Cuprate Superconductors 295

Solid-state reaction

1. Calcination

2. Calcination

Grinding and mixing of
Y2O3, BaCO3, CuO
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Pressed pellets

10–24 h, 925–950°C
air or flowing O2

10–24 h, 925–950°C
air or flowing O2

Sintering at 900–950°C
under flowing O2

Oxidation at 400–500°C

Figure 14.1 Sketch of the synthesis of YBa2Cu3O7−𝛿 by solid-state reaction starting from
Y2O3, BaCO3, and CuO (adapted from [1])

nitrate powders Y(NO3)3⋅H2O, Ba(NO3)2, and Cu(NO3)2⋅H2O are used as starting mate-
rials for oxalate co-precipitation. Each is dissolved separately in a mixture of ethanol and
distilled water. The three solutions are mixed in a such a way that a cation ratio of Y ∶
Ba ∶ Cu = 1 ∶ 2 ∶ 3 is obtained. The addition of oxalic acid initiates the co-precipitation
of yttrium, barium, and copper oxalates. The precipitates, obtained by filtering of the solu-
tion, are washed with ethanol and then the powder is calcined for 3 h in air. The milled
powder is pressed into pellets and sintered at 960 ∘C for 3 h in air. A further annealing at
960 ∘C in oxygen and cooling at a rate of 100 ∘C/h to room temperature are necessary to
optimize the oxygen content in the Y-123 superconductor.
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Figure 14.2 Sketch of the synthesis of YBa2Cu3O7−𝛿 by citrate pyrolysis (adapted from [1])

14.2.2 Bismuth-based Superconductors

The bismuth-based superconductors Bi2Sr2CaCu2O8+x (Bi-2212) and (Bi,Pb)2Sr2Ca2Cu3
O10+x (Bi-2223) were used in the first generation of high-temperature superconductor wires
and tapes. Ag/Bi-2212 wires as well as Ag/Bi-2223 tapes are manufactured by the powder-
in-tube (PIT) method (see Chapter 15). The preparation of the Bi-2212 and (Bi,Pb)-2223
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Figure 14.3 Sketch of the synthesis of YBa2Cu3O7−𝛿 by oxalate co-precipitation (adapted
from [1])

powders is an important step in the wire and tape manufacture. We follow the description
of the processing of bismuth-based superconductors presented in [1].
The three most important members of the Bi-22(n − 1)n cuprate superconductor fam-

ily are Bi2Sr2CuO6+x (Tc ≈ 10K), Bi2Sr2CaCu2O8+x (Tc ≈ 90K), and Bi2Sr2Ca2Cu3O10+x
(Tc ≈ 110K). In the synthesis of Bi-2212 powders, frequently the Bi-2201 and Bi-2223
phases are formed as impurity phases. With the use of appropriate preparation conditions,
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nearly phase-pure Bi-2212 powder can be obtained. The synthesis of phase-pure Bi-2223
powders without lead substitution for bismuth proved to be difficult.
Idemoto et al. studied the standard enthalpies of formation in the Bi–Sr–Ca–Cu–O sys-

tem [15]. They considered the following reactions:

(2.09∕2)Bi2O3 + 1.89SrO + 2.10CaO + 2.99CuO + 0.29PbO + 0.20O2

→ Bi2.09Sr1.88Cu1.03O6.16 + 0.01SrO + 2.10CaO + 1.96CuO + 0.29PbO

+ 0.1425O2 + 142.2 kJ (14.3)

The energy released by the reaction of simple oxides to form Bi-2201 is 142.2 kJ.
Equation 14.4 describes the reaction of Bi-2201 with CaO and CuO to form Bi-2212:

Bi2.09Sr1.88Cu1.03O6.16 + 0.01SrO + 2.10CaO + 1.96CuO + 0.29PbO + 0.1425O2

→ Bi2.07Sr1.89Ca0.96Cu2.08O8.23 + 0.01Bi2O3 + 1.14CaO + 0.91CuO

+ 0.29PbO + 0.1025O2 − 26.1 kJ (14.4)

The energy of 26.1 kJ is consumed by the formation of Bi-2212.
Finally, the reaction of Bi-2212 with CaO and CuO to (Bi,Pb)-2223 is considered.

Bi2.07Sr1.89Ca0.96Cu2.08O8.23 + 0.01Bi2O3 + 1.14CaO + 0.91CuO + 0.29PbO

+ 0.1025O2 → Bi1.80Pb0.29Sr1.82Ca2.10Cu2.99O10.30 + (0.29∕2)Bi2O3

+ 0.07SrO – 39.0 kJ (14.5)

The energy of 39 kJ is consumed by the formation of (Bi,Pb)-2223. In all reactions the
number of gram atoms of metallic components was kept constant. Equations 14.3–14.5
indicate that the chemical stability increases from Bi-2223 to Bi-2212 and from Bi-2212
to Bi-2201, and hence Bi-2201 is the most stable of the three superconducting phases.
Single-phase Bi-2212 can be synthesized by the solid-state reaction of Bi2O3, SrCO3,

CaCO3, and CuO. The reaction is summarized by the following equation:

Bi2O3 + 2SrCO3 + CaCO3 + 2CuO → Bi2Sr2CaCu2O8 + 3CO2 ↑ (14.6)

Appropriate amounts of the initial oxide and carbonate powders are thoroughly mixed and
ground. During calcination at a temperature above 750 ∘C in air, the carbonates are decom-
posed and the Bi-2212 phase starts to form. Typically, three to four calcination steps with
intermittent grindings are performed to enhance the homogeneity of the powder and to
reduce the residual carbon content. It has been demonstrated that, for a powder mixture
of Bi2O3, SrCO3, CaO, and CuO with an initial carbon content of 2.46% by weight, the
residual carbon content decreases with the increasing number of calcinations. After the
first, second, and third calcinations, the residual carbon content drops to ≈0.7%, ≈0.045%,
and less than 0.02%, respectively [16]. The effect of the annealing time in pure oxygen or
vacuum on the residual carbon content of Bi-2212 powders was investigated by Zhang and
Hellstrom [17]. An initial carbon content of 0.16% was reduced to 0.033% after 48 h of
annealing in vacuum. Annealing in pure oxygen at a temperature of 800 ∘C for 48 h led to
an even smaller carbon content of 0.014%.
It may be noted that because in Bi-2212 bismuth ions can occupy strontium sites,

and strontium and calcium can replace each other, the exact chemical composition of
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the Bi-2212 phase can vary. The exact chemical composition including the oxygen
content determines the charge carrier concentration, the critical temperature, and the
superconducting properties.
In Table 14.1, the conditions for the synthesis of Bi-2212 powders reported in the liter-

ature are presented. In addition to solid-state reaction of oxides and carbonates, Bi-2212
powders can be prepared by pyrolysis of organic salts [18] and oxalate co-precipitation [19].
Hasegawa et al. [18] dissolved bismuth octylate (Bi(C7H15COO)3), strontium octy-

late (Sr(C7H15COO)2), calcium octylate (Ca(C7H15COO)2), and copper octylate (Cu
(C7H15COO)2) with the atomic ratio of Bi ∶ Sr ∶ Ca ∶ Cu = 2 ∶ 2 ∶ 1 ∶ 2 in an organic
solvent. A silver tape of 2mmwidth and 0.1mm thickness was coated with the solvent and
subjected to pyrolysis at 500 ∘C in air. A further heat treatment in air at 890 ∘C followed
by slow cooling to 830 ∘C led to the formation of the Bi-2212 phase.
Kazin et al. [19] dissolved Bi2O3, Sr(NO3)2, CaCO3, and CuO in nitric acid. To this

solution oxalic acid was added, leading to the co-precipitation of the oxalates. These were
filtered and washed with ethanol, dried at 100 ∘C, and finally decomposed by annealing
at 810 ∘C for 10 h in alumina crucibles. After regrinding, the powder was heat treated at
835 ∘C for 10 h.
Due to the relatively low chemical stability of Bi-2223, single-phase material can be pre-

pared only in a narrow window of heat treatment conditions and chemical compositions.
The partial substitution of lead for bismuth accelerates the formation of the (Bi,Pb)-2223

Table 14.1 Conditions for the synthesis of Bi-2212 powder (data taken from [1])

Initial powders Heat treatment conditions Duration Reference

Bi2O3, SrCO3, CaCO3, CuO 820 ∘C 3 × 12 h [20]
Bi2O3, SrCO3, CaO, CuO 800–850 ∘C, air 3× [21, 22]
Bi2O3, Sr(NO3)2, CaO, CuO 800–850 ∘C, air 3 × 24 h [23]
Bi2O3, SrCO3, CaCO3, CuO 840–860 ∘C, air 32–109 h [24]

840–860 ∘C, air 8 h
Bi2O3, SrCO3, CaCO3, CuO 820 ∘C, 865 ∘C 2 × 18 h, 2 h [25]
Bi2O3, SrCO3, CaCO3, CuO 750 ∘C, 800 ∘C, air 2 × 24 h [26]

820 ∘C, 850 ∘C, air 66 h, 174 h
Bi2O3, SrCO3, CaCO3, CuO 780 ∘C, 810 ∘C, 820 ∘C, air 2 × 12 h, 70 h [27]
Bi2O3, SrCO3, CaCO3, CuO 700–830 ∘C, air ≤ 24 h [28]

800–870 ∘C, air ≤ 7 × 48 h
830 ∘C, air ≤ 7 days

Bi2O3, SrCO3, CaO, CuO 840 ∘C–880 ∘C, air 4 × 20 h [29]
Bi(NO3)3, Sr(NO3)2, Ca(NO3)2, 125 ∘C + 450 ∘C, air 2 × 3 h [30]
Cu(NO3)2 750–850 ∘C, air 3 × 12 h

890 ∘C, 21% O2 in N2
Slow cooling to 870 ∘C 0.1 ∘C/min
850 ∘C, 21% O2 in N2 12 h

Bi2O3, SrCO3, CaCO3, CuO 750 ∘C, 800 ∘C, air 24 h, 48 h [31]
820 ∘C, air 24 h, 60 h
670 ∘C, N2 15 h

Bi(OH)3, Ca(OH)2, Cu(OH)2 700–800 ∘C 4–10 h [32]
Sr2Cu(OH)6 2% O2 in Ar
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phase. Pierre et al. [33] studied the effect of partial lead substitution on the formation of
(Bi,Pb)-2223. They determined the volume fractions of different phases formed from pow-
der mixtures Bi2−xPbxSr2Ca2Cu3Oy, heat treated for 60 h at 880–885

∘C, by X-ray powder
diffraction. For x ≤ 0.3, (Bi,Pb)-2212 is the major phase, while (Bi,Pb)-2223 is formed as
a minor phase. At x = 0.6, the volume fraction of (Bi,Pb)-2223 reaches a maximum vol-
ume fraction of about 60%. The volume fraction of (Bi,Pb)-2212 is around 30%. Above
x = 0.4 CaPbO4 is formed as an impurity phase. For x = 0.6 the volume fraction of CaPbO4
is between 5% and 10%. For a mixture with the composition Bi1.4Pb0.6Sr2Ca2Cu3Oy, the
amount of the 2223 phase increased at the expense of 2212 and CaPbO4 up to sintering
times of 120 h. Sintering times above 120 h do not significantly increase the volume frac-
tion of 2223, which is around 80% after 120 h. Volume fractions above 80% of the 2223
phase can only be achieved by repeated sintering with intermediate grinding. Four to five
sintering steps of ≈40 h duration are required to get nearly single-phase material. Pierre
et al. [33] conclude that the optimum Pb content for the preparation of the (Bi,Pb)-2223
phase is between x = 0.3 and x = 0.5.
Zhu and Nicholson [34] found that besides the sintering temperature the heat treatment

atmosphere is of importance for the formation of the (Bi,Pb)-2223 phase. They used nitrate
powders with the initial cation ratio Bi : Pb : Sr : Ca : Cu = 1.84 : 0.34 : 1.91 : 2.03 : 3.06.
The nitrate mixture was calcined at 800 ∘C for 48 h in air. The ground powder was pressed
into pellets and heat-treated for 6 h in Ar/O2 mixtures. A weight fraction of more than 50%
of the 2223 phase was found for heat treatment at 830 ∘C and an oxygen partial pressure of
0.02 bar. An even larger weight fraction of 62% was achieved by heat treatment at 860 ∘C
and an oxygen partial pressure of 0.13 bar.
The conditions reported for the synthesis of (Bi,Pb)-2223 powders are listed in Table 14.2

[35–52]. (Bi,Pb)-2223 can be prepared by solid-state reaction of Bi2O3, SrCO3, CaCO3,
CuO, and PbO. The use of CaO instead of CaCO3 allows the reduction of the carbon content
of the initial powder. To get rid of the moisture typically present in CaO powders, they need
to be carefully dried before weighing to get the correct calcium content in the initial powder.
Pb3O4 can be used instead of PbO as the source of lead.
Instead of oxides and carbonates, metal nitrates can be used as starting materials for

the preparation of (Bi,Pb)-2223 by solid-state reactions [48–52]. The chemical homogene-
ity can be enhanced by solution of the nitrate powders in nitric acid [49–52]. The cation
ratios used for the preparation of (Bi,Pb)-2223 are almost the same for metal nitrate and
oxide/carbonate precursors.
In general, it was found that the first step in the synthesis of the (Bi,Pb)-2223 phase is the

formation of (Bi,Pb)-2212 as an intermediate phase. Thus, (Bi,Pb)-2223 can be prepared
by a two-powder process starting from (Bi,Pb)-2212 and (Sr,Ca)CuO2 powders [53–55].
The (Bi,Pb)-2212 is prepared by solid-state reaction of Bi2O3, PbO, SrCO3, CaCO3, and
CuO. The mixed and milled precursor powders are calcined at 750 ∘C for 6 h in an oxygen
atmosphere with a total pressure of 4mbar. A second calcination for 24 h is performed
at a temperature 840 ∘C and ambient pressure in CO2-free air. The reaction products are
Bi1.8Pb0.4Sr2CaCu2O8, and Ca2PbO4.
SrxCa1−xCuO2 is prepared separately by the solid-state reaction of SrCO3, CaCO3,

and CuO. The mixed and milled powders are calcined at 750 ∘C for 6 h in oxygen
atmosphere with a total pressure of 4mbar. A second heat treatment for 48 h is performed
at a temperature of 900 ∘C and ambient pressure in CO2-free air. For x > 0.25, the



Powder Synthesis and Bulk Cuprate Superconductors 301

Table 14.2 Conditions for the synthesis of (Bi,Pb)-2223 powders (data taken from [1])

Initial powders Cation ratio
Bi:Pb:Sr:Ca:Cu

Heat treatment
conditions

Duration Reference

Bi2O3, CaCO3, 1.8 ∶ 0.2 ∶ 2 ∶ 2 ∶ 3 770 ∘C, air 16 h [35]
SrCO3, CuO, PbO 860 ∘C, air 2 × 48 h
Bi2O3, CaCO3, 1.8 ∶ 0.2 ∶ 2 ∶ 2 ∶ 3 770 ∘C, air 80 h [36]
SrCO3, CuO, PbO 840 ∘C 400 h

830 ∘C 128 h
pO2 0.07 bar

Bi2O3, SrCO3, 1.8 ∶ 0.33 ∶ 1.93 ∶
1.93 ∶ 3

800 ∘C 3 h [37]
CaO, CuO, PbO 820 ∘C 16 h
Bi2O3, CaCO3, 1.84 ∶ 0.34 ∶ 1.9 ∶

2 ∶ 3.1
800 ∘C 2 × 10 h [38]

SrCO3, CuO, PbO 835 ∘C 50 h
– 1.72 ∶ 0.34 ∶ 1.83 ∶

1.97 ∶ 3.13
820 ∘C, air 3 × 24 h [39]

Bi2O3, SrCO3, 1.8 ∶ 0.4 ∶ 2 ∶ 2.2 ∶
3

800 ∘C 3 h [37]
CaO, CuO, PbO 820 ∘C 16 h
Bi2O3, SrCO3, 1.8 ∶ 0.4 ∶ 2 ∶ 2.5 ∶

3
840 ∘C 4 × 24 h [40]

CaO, CuO, PbO
Bi2O3, SrCO3, 1.7 ∶ 0.4 ∶ 2 ∶ 2 ∶ 3 810–820 ∘C, air 2 × 24 h [41]
CaCO3, CuO, PbO
Bi2O3, Pb3O4, CuO 1.8 ∶ 0.43 ∶ 1.71 ∶

2.14 ∶ 3
760–860 ∘C 15–48 h [42]

SrCO3, CaCO3 flowing O2
860 ∘C, air 90 h

Bi2O3, Pb3O4, CuO 1.92 ∶ 0.48 ∶ 2 ∶ 2 ∶
3.2

800 ∘C, air 2 × 12 h [43]
SrCO3, CaCO3 850 ∘C, air 1–60 h
Bi2O3, Pb3O4, CuO 1.4 ∶ 0.6 ∶ 2 ∶ 2 ∶

3.6
800 ∘C, air 17 h [44]

SrCO3, CaCO3 830–870 ∘C, air 40–100 h
Bi2O3, CaCO3, 1.4 ∶ 0.6 ∶ 2 ∶ 2 ∶

3.6
750 ∘C, air 6 h [45]

SrCO3, CuO, PbO 800 ∘C, air 17.5 h
850 ∘C, air 12 h

Bi2O3, SrCO3, 1.4 ∶ 0.6 ∶ 2 ∶ 2 ∶
3.6

800 ∘C 24 h [46]
CaO, CuO, PbO 845 ∘C, air 240 h

700 ∘C 5 min
Bi2O3, SrCO3, 1.4 ∶ 0.6 ∶ 2 ∶ 2 ∶

3.6
800 ∘C, air 11 h [47]

CaO, CuO, PbO 845 ∘C, air ≤ 700 h
870 ∘C, air 12 h

Bi2O3, Sr(NO3)2, 1.82 ∶ 0.36 ∶ 1.9 ∶
2.06 ∶ 3.05

830–840 ∘C 3 × 60 h [48]
Ca(NO3)2⋅4H2O,
Cu(NO3)2⋅2.5H2O
Nitrates 1.85 ∶ 0.35 ∶ 1.9 ∶

2.03 ∶ 3.05
820 ∘C 10 h [49]

840 ∘C 20 h
Bi2O3, SrCO3, 1.6 ∶ 0.4 ∶ 2 ∶ 2 ∶ 3 800 ∘C 10 h [50]
CaCO3, CuO, PbO 850 ∘C, air 120 h
dissolved in HNO3 850 ∘C, air 48 h
Nitrates 1.85 ∶ 0.35 ∶ 1.9 ∶

2.05 ∶ 3.05
830 ∘C, 845 ∘C 10 h, 20 h [51]

Nitrates 1.8 ∶ 0.4 ∶ 2 ∶ 2.2 ∶
3

800 ∘C 2 h [52]
830–840 ∘C 3 × 15 h
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reaction product is (SrxCa1−x)CuO2. The (Bi,Pb)-2212 and the (Sr,Ca)CuO2 powders are
thoroughly mixed and milled before they are used for the manufacture of Ag/Bi-2223
tapes by the powder-in-tube method (see Chapter 15). The formation of phase-pure
(Bi,Pb)-2223 powder by the two-powder process is quicker than the solid-state reaction
starting from the carbonates and the binary oxides.
An alternative route for the rapid synthesis of single-phase (Bi,Pb)-2223, illustrated in

Figure 14.4, is based on the use of freeze-dried nitrate solutions [56, 57]. The metal nitrates

Freeze drying of nitrate solutions

Solutions of Bi, Sr, Ca, Cu nitrates
in deionised H2O

Addition of PbO

Addition of HNO3 to adjust the
pH value to 0.3–0.7

Grinding of frozen flakes to a
particle size < 20 μm

Freeze drying at T = –40°C
p = 0.1 mbar

Dehydration under flowing Ar
5°C/h to 125°C

Decomposition of nitrates
600–730°C, 22% O2/Ar

Sintering of pressed pellets
845°C, 7% O2/Ar

Grinding

Warming-up in
2 days to 25°C

Spraying of the nitrate solution onto
a teflon-coated stainless steel block

at 77 K

Figure 14.4 Sketch of the synthesis of (Bi,Pb)-2223 by freeze-dried precursors as described
by Krishnaraj et al. [56] (adapted from [1])
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with cation ratios of Bi ∶ Pb ∶ Sr ∶ Ca ∶ Cu = 1.8 ∶ 0.4 ∶ 2 ∶ 2.2 ∶ 3 or 1.8 ∶ 0.4 ∶ 2 ∶
2 ∶ 3 are diluted in distilled and deionized water. The solution is diluted to a concentration
0.1M in Bi (i.e. 0.1 g atom of bismuth per litre H2O). Bymeans of the addition of HNO3 the
pH of the solution is adjusted to values in the range of 0.3 to 0.7. Spraying the solution onto
a Teflon-coated stainless steel cylinder provides flakes of frozen material, which are ground
to a particle size of less than 20 μm. The nitrates, freeze-dried at −40 ∘C and 0.1mbar, are
dehydrated at a temperature of 125 ∘C under flowing argon. They are then decomposed to
the oxides by heat treatment between 600 ∘C and 730 ∘C in a 22% O2/78% Ar atmosphere.
After grinding, the powder is pressed into pellets, which were sintered at 845 ∘C in a 7%
O2/93% Ar mixture.
Another synthesis route for formation of single-phase (Bi,Pb)-2223 is based on oxalate

co-precipitation. Figure 14.5 shows a sketch of the oxalate precipitation route. The merits
of this synthesis route are high reactivity, small particle size and mixing of the cations on an
atomic scale [58–64]. In the first step, bismuth nitrate is dissolved in a 1M aqueous solution
of oxalic acid. After mixing and stirring, a solution of lead, strontium, calcium, and copper
nitrates is added. Because of the dependence of the precipitation yield of Sr, Ca, and Cu on
the pH value, its control is of crucial importance. The precipitation yield is the percentage
ratio of the weights of the oxalates in the resulting filtrate to that in the starting solution.
Typically, ammonium or sodium hydroxide is used to adjust the pH to the desired value.
Copper oxalates are fully precipitated for pH values between 2 and 4 or above 10 [58],
while bismuth and lead oxalates are almost completely precipitated for a pH above 1. The
filtrate is washed, dried, and annealed at 600 ∘C to decompose the oxalates to the oxides.
Pressed pellets are heat-treated for 12 h at 800 ∘C, reground, and again pressed into pellets,
which are sintered for further 100 h at a temperature of 830 ∘C. The strong dependence of
the precipitation yield on the pH-value is a disadvantage of oxalate co-precipitation starting
from aqueous nitrate solutions. This problem can be avoided by the use of alcohol [59] or
acetate solutions [60] in the oxalate co-precipitation process.

14.2.3 Thallium-based Superconductors

There exist two different families of thallium-based cuprate high-Tc superconductors. The
Tl-22(n − 1)n family is characterized by high critical temperatures, reaching 128K for
n = 3. It is the thallium-based counterpart of the Bi-22(n − 1)n family. In the Tl-22(n − 1)n
family, adjacent copper oxide blocks are separated by a TlO double layer. In contrast the
copper oxide blocks of the Tl-12(n − 1)n cuprates are separated only by a single TlO layer.
As a consequence of the smaller distance of adjacent copper oxide blocks, the anisotropy of
the superconducting properties is less pronounced than in the corresponding Tl-22(n − 1)n
compounds. As in the bismuth-based cuprate superconductors, synthesis leads to a mixture
of several superconducting phases. Moreover, the preparation of thallium-based super-
conductors is difficult because of the toxicity and volatility of Tl2O3 and other thallium
compounds. Single-phase material can be obtained only within small windows of initial
composition and heat treatment conditions.
In general, long sintering at high temperatures leads to a loss of thallium. To avoid

this, two-step synthesis routes have been developed. In the first step a precursor of the
nonvolatile components Ba, Ca, and Cu is prepared. In the second step, Tl2O3 and
the Ba-Ca-Cu-O precursor are mixed and pressed into pellets. To counteract the loss
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Oxalate co-precipitation

Bi oxalate solution

Reaction for 1 to 3 days.
Mixed oxalate solution

Addition of NaOH to
adjust the pH

Filtering and washing of the
precipitates

Composition determined by direct
atomic emission spectroscopy

Oxalate decomposition
600°C/12 h/air

Calcination of pellets
800°C/12 h/air

Sintering of pellets
830°C/100 h/air

Bi nitrate

Drying at 80°C

Grinding

Mixing &
stirring

Aqueous solution of
HOOC-COOH

Aqueous solution of Pb,
Sr, Ca, Cu nitrates

Figure 14.5 Sketch of the synthesis of single phase (Bi,Pb)-2223 by oxalate co-precipitation
as described by Hagberg et al. [58] (adapted from [1])

of thallium, the pellets are wrapped in gold foils which are encapsulated in quartz
tubes. Another way to avoid thallium loss is the preparation of thallium-based cuprate
superconductors by means of high-pressure and high-temperature techniques. The
partial substitution of Tl by Bi or Pb has been found to be beneficial for the formation
of the Tl-1223 phase. We follow here the description of the preparation of Tl-based
superconductors presented in [1].
The conditions reported for the preparation of Tl2Ba2CuO6 (Tl-2201) are listed in

Table 14.3. Some of the precursors (e.g., BaO) react strongly with CO2 and moisture and
must therefore be handled in a glove box filled with synthetic air or an inert gas.
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Table 14.3 Conditions for the synthesis of Tl-2201 powders (data taken from [1])

Reactants Comments
Formed compounds

Heat treatment
conditions

Duration Reference

BaCO3 Formation of BaOa 950 ∘C, vacuum 12 h [65]
Tl2O3, BaO, CuO Formation of

Tl2Ba2CuO6+𝛿

820 ∘C 7 h
≈100 bar Ar

Tl2O3, BaO2, CuO Reaction in silica
ampoules

850 ∘C, 3 bar O2 [66]
Cu2O or Cu 850 ∘C, 6 bar O2

Sintering RT to 880 ∘C 6 h
880 ∘C 8 h

Optimized hole
concentration

290 ∘C ≤480 min
10% H2, 90% Ar

Tl2Ba2O5, CuO Sintering 750 ∘C, 1 bar O2 3 days [67]
Optimized hole 850 ∘C 18 min
concentration 100 bar He

Ba(OH)2, Cu(OH)2 Preparation of
Ba2CuOx

400 ∘C, dynamic 10 h [68]

Ba2Cu1.25Ox,
Ba2Cu1.5Ox

vacuum O2 leak

Tl2O3, Ba–Cu–O Tl2Ba2CuOx 550 ∘C, 80 bar Ar 10 h
Tl1.75Ba2Cu1.25Ox 550 ∘C, 80 bar Ar 10 h
Tl1.5Ba2Cu1.5Ox 550 ∘C, 80 bar Ar 10 h

aHandling of powders in dry N2

Synthesis procedures used to prepare Tl-2212 and Tl-2223 are presented in Tables 14.4
[68–71] and 14.5 [47, 69, 72–77]. In these compounds, the thallium site can be partly
occupied by calcium ions. In the case of Tl-2223 this leads to the chemical formula
Tl2−xBa2Ca2+xCu3O10+𝛿 . As a consequence, precursor powders with reduced thallium
and enhanced calcium content were found to be beneficial for the formation of the 2223
phase. Furthermore, the use of barium peroxide as the barium source was found to be
advantageous for the formation of Tl-2223.
Nearly single-phase Tl-2234 was prepared by Presland et al. [78] by solid-state reac-

tion starting from Tl2O3, BaO2, CaO, and CuO. They used initial powders with a cation
ratio Tl ∶ Ba ∶ Ca ∶ Cu = (2 − x) ∶ 2 ∶ (4 + x) ∶ 5, where x was 0, 0.25, and 0.5. Pressed
pellets were placed into a gold tube and reacted for a few minutes at 904 ∘C under flow-
ing oxygen until the formation of the Tl-2234 phase set in. To continue the growth of the
2234 phase, annealing at 850 ∘C for several hours was required. Ogborne and Weller [79]
prepared Tl-2234 in a similar way, starting with the same reactants but a different cation
ratio Tl ∶ Ba ∶ Ca ∶ Cu = 1.5 ∶ 2 ∶ 3.5 ∶ 4. The mixture was reacted in air for 20–30 h at
860 ∘C in a sealed gold tube. The critical temperature of the Tl-2234was 114K, andwas not
improved by additional annealing at 500 ∘C under flowing argon or in oxygen atmosphere.
The last aspect to be considered in this section is the synthesis of the single-layer thal-

lium compounds Tl-1212 and Tl-1223. The extensive loss of thallium during long heat
treatments at high temperatures can be avoided by two-step synthesis routes in which a
precursor of the nonvolatile components (Sr, Ba, Ca, Cu) is first prepared by solid-state
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Table 14.4 Conditions for the synthesis of Tl-2212 powders (data taken from [1])

Reactants Comments
Formed compounds

Heat treatment
conditions

Duration Reference

Ba(OH)2, Ca(OH)2 Preparation of
Ba2CaCu2Ox

400 ∘C, dynamic
vacuum O2 leak

10 h [68]
Cu(OH)2
Tl2O3, Ba2CaCu2Ox Tl ∶ Ba ∶ Ca ∶ Cu

= 2 ∶ 2 ∶ 1 ∶ 2
550 ∘C 10 h

Formation of 2201,
2212, minor phases

100 bar Ar

Tl2O3, Ba2CaCu2Ox Tl ∶ Ba ∶ Ca ∶ Cu
= 1 ∶ 2 ∶ 1 ∶ 2

550 ∘C 10 h

Formation of 2212
and minor phases

100 bar Ar

CaCO3, BaCO3 Preparation of
CaBa2CuO4

830–930 ∘C 60 h [69]
CuO
Tl2O3, CuO Two-step synthesis of

Tl2Ba2CaCu2Ox

830 ∘C 0.5 h, 14 h
CaBa2CuO4 Pellets wrapped in

Au foils

CaO, CuO Preparation of
Ca2Cu3O5

850–880 ∘C 18–68 h [70]

Tl2O3, BaO2,
Ca2Cu3O5

Two-step synthesis
Tl ∶ Ba ∶ Ca ∶ Cu =
2 ∶ 2 ∶ 2 ∶ 3

820 ∘C 10 h
Pellets wrapped in

Au foils
Formation of 2212 &

minor phases

Tl2O3, CaO, BaCuO2 Tl ∶ Ba ∶ Ca ∶ Cu
= 2 ∶ 2 ∶ 1 ∶ 2

865 ∘C 15 min [70]

Formation of 2212
BaCuO2 as impurity

Pellets in sealed
Au tubes

Tl(CH3OC2H4O) Sol–gel technique 900 ∘C, O2 30 min [71]
Ba(CH3OC2H4O)2 Tl ∶ Ba ∶ Ca ∶ Cu

= 2 ∶ 2 ∶ 2 ∶ 3
Preheated furnace

Ca(CH3OC2H4O)2 Formation of 2212
and minor phasesCu(C2H5O)2

reaction of carbonates and oxides. In a second step, Tl2O3 and the (Ba,Sr)–Ca–Cu–O
precursor are pressed into pellets. For the synthesis of Tl-1212 or Tl-1223, these pellets
are wrapped in gold foils and the reaction is performed in encapsulated quartz tubes or
under enhanced pressure. Typical conditions for the synthesis of Tl-1212 and Tl-1223 are
presented in Table 14.6 [80–83] and Table 14.7 [84–99], respectively.
In almost all of the examples presented in Table 14.7, thallium was partly substituted

by lead and/or bismuth. In addition, barium was partly replaced by strontium. The prepa-
ration of Tl-1223 without bismuth, lead, and strontium substitution is possible if TlF is
used as thallium source instead of Tl2O3 [84]. Moreover, because carbon impurities favor
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Table 14.5 Conditions for the synthesis of Tl-2223 powders (data taken from [1])

Reactants Comments
Formed compounds

Heat treatment
conditions

Duration Reference

Tl2O3, CaO, BaO,
CuO

Heat treatment in
sealed quartz tubes

880 ∘C, 1 bar O2 3 h [72]
Pellets wrapped in

Au foilsTl ∶ Ba ∶ Ca ∶ Cu
= 1 ∶ 1 ∶ 3 ∶ 3

Tl2O3, CaO,
BaO2, CuO

Tl ∶ Ba ∶ Ca ∶ Cu
= 1.6 ∶ 2 ∶ 2.4 ∶ 3

910 ∘C, O2 3 h [73]
Pellets wrapped
in Au foils
5 ∘C/min to RTa

Encapsulated in
evacuated quartz
tube

750 ∘C, 10−4 mbar 10 days

Rapidly quenched
into liquid nitrogen

600 ∘C 2 h
2% O2 98% N2

Nearly single-phase
2223

Tl2O3, CaO,
BaO2, CuO

Tl ∶ Ba ∶ Ca ∶ Cu
= 1.7 ∶ 2 ∶ 2.3 ∶ 3

890 ∘C, O2 5 h [74]
Wrapped in Au

foils
Encapsulated in

evacuated quartz
tube

750 ∘C, 10−4 mbar 2–250 h

Nearly single-phase
2223

Tl2O3, CaO,
BaO2, CuO

Tl ∶ Ba ∶ Ca ∶ Cu
= 1.8 ∶ 2 ∶ 2.2 ∶ 3

910 ∘C, O2 3 h [75]
5 ∘C/min to RT
Pellets in sealed

Au foils
Nearly single-phase

2223

BaCO3, CaCO3, Preparation of 925 ∘C, air 2× [76]
CuO Ba2Ca2Cu3Ox

Tl2O3,
Ba2Ca2Cu3Ox

Tl ∶ Ba ∶ Ca ∶ Cu
= 2 ∶ 2 ∶ 2 ∶ 3

895 ∘C 5 min
Pressed pellets

Main phase Tl-2223 Pt crucibles

BaCO3, CuO Preparation of
Ba2Cu3Ox

900 ∘C, air 8 h [47]

Tl2O3, CaO, Tl ∶ Ba ∶ Ca ∶ Cu
= 2 ∶ 2 ∶ 2 ∶ 3

910 ∘C 5 min
Ba2Cu3Ox 850 ∘C, O2 3 h

Pressed bars

(continued overleaf )
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Table 14.5 (continued)

Reactants Comments
Formed compounds

Heat treatment
conditions

Duration Reference

BaCO3, CaCO3, Preparation of 830–930 ∘C 60 h [69]
CuO CaBa2CuO4

Tl2O3, CaO, Tl ∶ Ba ∶ Ca ∶ Cu
= 2 ∶ 2 ∶ 2 ∶ 3

830 ∘C, 870 ∘C 5 h, 2–10 h
CuO, Wrapped in
CaBa2CuO4 Au foils

BaCO3, CaCO3, Preparation of 900 ∘C 3 × 12 h [77]
CuO Ca2Ba2Cu3Ox

Tl2O3, Ag2O, Tl:Ba:Ca:Cu:Ag 900 ∘C, O2 6 min
Ca2Ba2Cu3Ox = 2:2:2:3:1 2 ∘C/min to RT

Nearly single phase Preheated
Tl-2223 furnace

Sealed Au foil

aRT: room temperature.

Table 14.6 Conditions for the synthesis of Tl-1212 powders (data taken from [1])

Reactants Comments
Formed compounds

Heat treatment
conditions

Duration Reference

Tl2O3, Bi2O3, Tl ∶ Bi = 3 ∶ 1 870 ∘C, O2 12 h [80]
SrO, CaO, Formation of
CuO (Tl,Bi)1.33Sr1.33Ca1.33Cu2O6.67+𝛿

Tl2O3, BaO2, Tl ∶ Ba ∶ Ca ∶ Cu = 2 ∶ 2 ∶ 1 ∶ 2 885 ∘C, O2 1.5 h [81]
CaO, CuO 500 ∘C 0.5 h

Quench in
liquid N2

Ca(NO3)2, Decomposition of nitrates 700 ∘C 1 h [82]
Sr(NO3)2, Tl0.5Pb0.5Sr2−xLaxCaCu2O7 950 ∘C, O2 3 h
Y2O3, La2O3, Tl0.5Pb0.5Sr2Ca1−yLayCu2O7

CuO, Tl2O3, Sealed Au bags
PbO Optimization of Tc 700 ∘C, 1 bar O2 1 h

SrCO3, BaO2, Preparation of 920 ∘C 4 × 10 h [83]
CaO, Y2O3, Sr1.6Ba0.4Ca0.8Y0.2Cu2O5
CuO precursor
Precursor, Pellets between Au plates 900–940 ∘C 3–10 h
Tl2O3, PbO wrapped in Ag foils

Formation of
Tl0.5Pb0.5(Sr,Ba)2(Ca,Y)Cu2Oy



Powder Synthesis and Bulk Cuprate Superconductors 309

Table 14.7 Conditions for the synthesis of Tl-1223 powders (data taken from [1])

Reactants/
Formed compounds

Heat treatment
conditions

Duration Reference

TlF, Ba2Ca2Cu3Ox
Formation of TlBa2Ca2Cu3Oz

850 ∘C, flowing O2 2 h [84]

Tl2O3, PbO, SrO2, CaO, CuO
Formation of

(Tl0.5Pb0.5)Sr1.6Ca2.4Cu3O9

950 ∘C, flowing O2
Pellets wrapped in Au

foils
700–750 ∘C, 10−4 mbar
Encapsulated quartz

tubes

3 h
5–10 d

[85]

Tl2O3, PbO2, CaO, SrO, CuO
Formation of

Tl0.6Pb0.5Sr2Ca2.4Cu3.4Ox

850 ∘C, air
Pellets crimped in Au

tubes
Quenched in liquid

nitrogen

2 × 1 h [86]

BaO, SrO, CaO, CuO
Preparation of Sr1.6Ba0.4Ca2Cu3Ox
Tl2O3, PbO, (Sr,Ba)Ca2Cu3Ox

Formation of
(Tl0.5Pb0.5)(Sr,Ba)2Ca2Cu3Ox

870 ∘C

800–900 ∘C, pellets
950–1100 ∘C, partial

melting
850–880 ∘C

20 h

10 h
1∕6–2 h

10–50 h

[87, 88]

SrO, BaO2, CaO, CuO
(Sr2−yBay)Ca2Cu3Oz (y: 0.5–1.5)
Tl2O3, Cr2O3, (Sr,Ba)2Ca2Cu3Oz

(Tl1−xCrx)(Sr2−yBay)Ca2Cu3Oz

840 ∘C, air

900–1000 ∘C, flowing
O2

Pellets in Al2O3
crucibles

3 × 24 h

5 h

[89]

Tl2O3, BaO2, CaO, SrCuO2
Formation of Tl(Ba,Sr)2Ca2Cu3Ox

930 ∘C, slow cooling
Evacuated quartz

ampoules

6 h [90]

SrCO3, BaCO3, CaCO3, CuO
Preparation of

Sr1.6Ba0.4Ca2Cu3O7
Tl2O3, Bi2O3, (Sr,Ba)2Ca2Cu3O7

Formation of
(Tl0.9Bi0.2)(Sr,Ba)2Ca2Cu3Ox

950 ∘C, air

920 ∘C, O2

Pellets pressed in Au
foils

60 h

6 h

[91]

BaCO3, SrO, CaO, CuO
Preparation of

Sr1.6Ba0.4Ca2Cu3O7
Tl2O3, Bi2O3, Sr1.6Ba0.4Ca2Cu3O7
Formation of

(Tl0.93Bi0.22)(Sr,Ba)2Ca2Cu3Ox

905–920 ∘C

840 ∘C, Ag/Tl-1223
tapes

4 × 10 h [92]

(continued overleaf )
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Table 14.7 (continued)

Reactants/
Formed compounds

Heat treatment
conditions

Duration Reference

Tl2O3, PbO, or Bi2O3,
Sr1.6Ba0.4Ca2Cu3O7

Partially reacted Tl-1223
Ag/(Tl,Pb)-1223 tapes
Ag/(Tl,Bi)-1223 tapes

880–920 ∘C, Tl vapor
Tl source at 730–780 ∘C

865–885 ∘C
865–885 ∘C

10 h
7 h

[93]

SrCO3, BaO2, CaO, CuO
Sr1.6Ba0.4Ca2Cu3O7 precursor
Tl2O3, Bi2O3, Sr1.6Ba0.4Ca2Cu3O7
(Tl0.78Bi0.22)(Sr,Ba)2Ca2Cu3Ox

950 ∘C, precursor
preparation

940 ∘C,≈ 95% Tl-1223
In sealed Al2O3

crucibles

3 × 16 h

2 h

[94]

SrCO3, BaO2, CaO, CuO
Sr1.6Ba0.4Ca2Cu3O7 precursor
(Tl0.93Bi0.22)(Sr,Ba)2Ca2Cu3Ox
Ag/Tl-1223 tapes

905–920 ∘C
Precursor preparation

800–860 ∘C

4 × 10 h [95]

SrCO3, BaCO3, CaCO3, CuO
Sr1.8Ba0.2Ca2Cu3O7 precursor
Tl2O3, Bi2O3, PbO,
Sr1.8Ba0.2Ca2Cu3O7

Formation of
(Tl0.6Pb0.2Bi0.2)(Sr,Ba)2Ca2Cu3Ox

920 ∘C, air
Precursor preparation
920 ∘C, flowing O2
Pellets wrapped in Au

foils

10 h

3 h

[96]

SrCO3, BaO2, CaO, CuO
Sr1.6Ba0.4Ca2Cu3O7 precursor
Formation of

(Tl0.78Bi0.22)(Sr,Ba)2Ca2Cu3Ox
Ag/Tl-1223 tapes

905–920 ∘C
Precursor preparation

840 ∘C, air

4 × 10 h [97]

SrCO3, BaCO3,CaCO3, CuO
Sr1.8Ba0.2Ca1.9Cu3O7 precursor
Tl2O3, PbO, Bi2O3,
Sr1.8Ba0.2Ca1.9Cu3O7

Formation of
(Tl0.7Pb0.2Bi0.2)(Sr,Ba)2Ca1.9Cu3Ox

900 ∘C, flowing oxygen
980 ∘C, pellets
940 ∘C
25 bar He, 0.5 bar O2
870 ∘C, flowing O2

24 h
24 h
3 h
5 h

[98]

SrCO3, BaCO3,CaCO3, CuO
Sr1.8Ba0.2Ca1.9Cu3O7 precursor
Tl2O3, PbO, Bi2O3,
Sr1.8Ba0.2Ca1.9Cu3O7

Formation of
(Tl0.7Pb0.2Bi0.2)(Sr,Ba)2Ca1.9Cu3Ox

900 ∘C, flowing O2
980 ∘C, pellets
930–990 ∘C
25 bar He, 0.5 bar O2
890 ∘C, flowing O2

24 h
24 h
3–6 h

3–5 h

[99]
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the formation of the Tl-2223 phase, low carbon content of the Ba2Ca2Cu3Ox precursor is
necessary to make this alternative synthesis route effective.

14.2.4 Mercury-based Superconductors

To date the highest critical temperature of 135K at ambient pressure has been achieved
in the mercury-based cuprate HgBa2Ca2Cu3O8+𝛿 . This extraordinarily high value has
attracted considerable attention. Disadvantages of mercury-based superconductors are the
fact that mercury is as poisonous as, and even more volatile than, thallium.
Here, we follow the description of the preparation of mercury-based cuprate supercon-

ductors presented in [1]. The precursor powders need to be handled in a glove box filled
with a dry inert gas to avoid contamination with H2O and CO2, which were found to be
detrimental to the formation of Hg-12(n − 1)n cuprate superconductors. In order to coun-
teract the loss of mercury at the relatively high temperatures required for the formation of
Hg-12(n − 1)n superconductors, the precursor pellets are typically encapsulated in evacu-
ated quartz tubes (p < 10−4 mbar) during the heat treatments. The HgO used as a mercury
source decomposes at relatively low temperature. There is a risk that the resulting mercury
pressure is high enough to rupture the quartz tube. For safety reasons, the quartz tubes must
be placed in stainless steel containers.
First, the synthesis of HgBa2CuO4+𝛿 (Hg-1201) is briefly described [100–110]. Because

the first member of the Hg-12(n − 1)n family does not contain calcium, the only supercon-
ducting phase that can be formed is Hg-1201. Typical synthesis procedures described in
the literature are presented in Table 14.8. The 1201 phase can be prepared by solid-state
reaction of the simple oxides

HgO + 2BaO + CuO → HgBa2CuO4 (14.7)

A final annealing is required for optimization of the oxygen content to obtain the maximum
critical temperature of 96K.
In another synthesis route a Ba2CuO3+𝛿 precursor is prepared separately [100]. The

metal nitrates Ba(NO3)2 and Cu(NO3)2 were decomposed in a two-step heat treatment
at 600 ∘C and 800 ∘C in air. The final heat treatments were performed in flowing oxygen at
925 ∘C with two intermediate grindings, the second done in a dry box. In a second step, the
precursor is thoroughly mixed with appropriate amounts of HgO in an agate mortar. The
high-temperature synthesis (920 ∘C) was performed under a pressure of 18 kbar for times in
the range of 0.6 to 2 h. The copper valence and the exact oxygen content in the synthesized
HgBa2CuO4+𝛿 can be controlled by their values in the Ba2CuO3+𝛿 precursor. The oxygen
content in the precursor can be adjusted by the heat treatment conditions [100].
The high vapor pressure of mercury originating from the decomposition of HgO causes

the formation of HgBaO2 as an impurity. Starting compositions deficient in mercury can
suppress the formation of HgBaO2.
Another synthesis route is based on the use of a Ba2CuOx precursor and unreacted

Hg-1201 pellets as the mercury source [101–103]. An advantage of this preparation route
is the reduced mercury pressure, which avoids the formation of HgBaO2 impurity. Two
Hg-1201 and one Ba2CuOx pellets are wrapped in gold foils, which are encapsulated in
evacuated quartz tubes as illustrated in Figure 14.6.
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Table 14.8 Conditions for the synthesis of Hg-1201 powders (data taken from [1])

Reactants Heat treatments Duration Comments Reference

HgO, BaO, CuO Evacuated quartz tube
700–750 ∘C
300 ∘C, flowing Ar

1∕4–1h

6 h

Mixing in dry box
Pellet in Au tube
Optimization of Tc

[104]

HgO, BaO, CuO Evacuated quartz tube
750∘
400 ∘C, flowing Ar

1 h

6 h

Mixing in dry box
Bars
Optimization of Tc

[105]

HgO, BaO, CuO Sealed quartz tube
820 ∘C
820 ∘C → 200 ∘C
400 ∘C, flowing O2

8 h

2 h
2–4 h

Ar filled dry box
Preheated
Furnace
Optimization of Tc

[106]

HgO, BaO, CuO Evacuated quartz tube
100 ∘C∕h →

700–750 ∘C
700–750 ∘C
10 ∘C∕h → 600 ∘
Furnace-cooling

24 h

Ba2CuO3 + two
Hg-1201 pellets

wrapped in Au foil
Ba2CuO3 pellet →
No CuO, HgBaO2,

BaCuO2 impurities

[101]

HgO, BaO, CuO Evacuated quartz tube
750 ∘C, slow cooling

10 h Ba2CuO3 + two
Hg-1201 pellets

wrapped in Au foil

[102]

BaO, CuO

Ba2CuO3, HgO

860 ∘C, air

Evacuated quartz tube
RT → 800 ∘C
800 ∘C, 800 ∘C → RT

2 × 50 h

5 h
5 h, 6 h

Preparation of Ba2CuO3
precursor

Powders handled in
glove box

30% mercury loss

[107]

BaO, CuO

Ba2CuO3, HgO

930 ∘C, 20%
O2/80% Ar

Evacuated quartz tube
845 ∘C
500 ∘C, flowing O2

24 h

8 h
24 h

Preparation of Ba2CuO3
precursor

Preheated furnace
Optimization of Tc

[108]

BaO, CuO

Ba2CuOx, HgO

925 ∘C, flowing O2

Evacuated quartz tube
800 ∘C, high heating

and cooling rates
5–15 h

Preparation of Ba2CuOx
precursor

Pellets wrapped in
Au foil

[109]

BaO, CuO

Ba2CuOx, HgO

930 ∘C, 20%
O2/80% Ar

Evacuated quartz tube
800–830 ∘C, slow

cooling

24 h

8 h

Preparation of Ba2CuOx
precursor

Glove bag with Ar
Ba2CuOx pellet
HgyBa2CuOx pellets
y=0.7→ single-phase

[110]

Ba2CuOx, HgO Evacuated silica tube
790 ∘C

8 h Ba2CuOx + two
Hg-1201 pellets
Ba2CuOx +
HgO → Hg-1201

[103]
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Figure 14.6 Preparation of HgBa2CuO4+𝛿 from Ba2CuO3 and unreacted HgBa2CuO4+𝛿 pel-
lets as mercury source (results from a) [101], b) [102], c) [103] (adapted from [1]))

In all members of the Hg-12(n − 1)n family with n ≥ 2, there are layers of Ca ions
between the CuO2 layers in the copper oxide blocks. In theHg-1212 compound each copper
oxide block consists of CuO2–Ca–CuO2 layers. The addition of a further Ca–CuO2 unit in
the copper oxide block leads to Hg-1223. As a consequence of their structural similarities,
different members of the Hg-12(n − 1)n family are frequently formed simultaneously in a
single sample. Careful control of the reaction conditions and the initial composition of the
reactants are therefore required to obtain single-phase material. The conditions used for the
preparation of Hg-1212 and Hg-1223 are listed in Table 14.9 [111–118] and Table 14.10
[119–135], respectively.
A description of the preparation of Hg-1234 can be found in [136–138]. There exist

various cuprate high-Tc superconductors that can be prepared only under high pressure. A
description of their synthesis can be found in [1] and the references therein.
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Table 14.9 Conditions for the synthesis of Hg-1212 powders (data taken from [1])

Reactants Heat treatments Duration Comments Reference

HgO, BaO, CaO, CuO Evacuated silica tube
680–750 ∘C

260 ∘C, O2

0.5–10 h

6 h

Mixing in glove box
Pellet wrapped in

Ag foil
Optimization of Tc

[111]

HgO, BaO, CaO, CuO Evacuated quartz tube
810 ∘C

8 h Mixing in glove bag,
pellets

[112]

HgO, BaO, CaO, CuO Evacuated quartz tube
1–2 ∘C∕min → 800 ∘C
800 ∘C 8 h

Mixing in glove
Bag

[113]

BaCuO2, CaO

Ba2CaCu2O5, HgO

900 ∘C, O2

Evacuated quartz tube
160 ∘C∕h →

800 ∘C, 800 ∘C
300 ∘C, flowing O2

16 h

9 h

Preparation of
Ba2CaCu2O5

Pellets

Optimization of Tc

[114]

Ba2CaCu2O5, HgO Evacuated quartz tube
160 ∘C∕h →

800 ∘C, 800 ∘C
Oxygenation at 300 ∘C 9 h

Pellets

Optimization of Tc

[115]

BaCO3, CaO, CuO

Ba(NO3)2,
Ca(NO3)2⋅4H2O,
Cu(NO3)2⋅4H2O

Ba2CaCu2Ox, HgO

900 ∘C, O2

500–550 ∘C
600–620 ∘C
900 ∘C, flowing O2

Evacuated quartz tubes
Heating rate of 160 ∘C/h
750–820 ∘C
100–310 ∘C, flowing O2

24–48 h

0.5 h
1 h
24–48 h

5 h

1–90 h

Preparation of
Ba2CaCu2Ox

Nitrate
Decomposition
Preparation of

Ba2CaCu2Ox
Pellets of

Ba2CaCu2Ox and
Hg-1212

Optimization of Tc

[116]

BaO2, CaCO3, CuO

Ba2CaCu2Ox, HgO

800 ∘C, air

800 ∘C, 60 bar

12 h

1 h

Preparation of
Ba2CaCu2Ox

High-pressure
synthesis

[117]

Ba(NO3)2,
Ca(NO3)2⋅4H2O,
Cu(NO3)2⋅3H2O

Ba2CaCu2Ox, HgO

Infrared evaporator
925 ∘C, flowing O2

880 ∘C, 18 kbar

300 ∘C, O2

5 h
72 h

1.5 h

10 h

Preparation of
Ba2CaCu2Ox

Mixing in dry box
High-pressure

synthesis
Optimization of Tc

[118]
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Table 14.10 Conditions for the synthesis of Hg-1223 powders (data taken from [1])

Reactants Heat treatments Duration Comments Reference

HgO, BaO,
CaO, CuO

715–725 ∘C,
nonclosed

4 × 3–4 min Mixing in dry box [119]

Evacuated quartz
tube

Bars wrapped in Au
foil

750 ∘C 1–10 h
300 ∘C, flowing O2 6 h Optimization of Tc

HgO, BaO,
CaO, CuO

715–725 ∘C,
nonclosed

4 × 3–4 min Pellets wrapped in Au
foil

[120, 121]

Evacuated quartz
tube

750 ∘C 10 h
300 ∘C, flowing O2 8 h Optimization of Tc

HgO, BaO,
CaO, CuO

Pellets in Al2O3 tubes BaO, CaO [122]

Evacuated quartz
tube

Prepared from
carbonates

RT → 840–860 ∘C 8–10 h
840–860 ∘C 6 h Mixing in dry box
840–860 ∘C → RT 8 h
300 ∘C, flowing O2 6 h Optimization of Tc

HgO, BaO,
CaO, CuO

Evacuated quartz
tube

Mixing in dry box
filled with Ar

[123]

665 ∘C, quenched 70 h
300 ∘C, flowing O2 Optimization of Tc

HgO, BaO,
CaO, CuO

Evacuated quartz
tube

BaCO3→BaO+CO2 [124]

10% surplus of
HgO

Preheated furnace Mixing in dry box
660–670 ∘C 72 h Pellets in Au foil
300 ∘C, flowing O2 8 h Optimization of Tc

HgO,
Ba2Ca2Cu3Ox

Evacuated quartz
tube

Pellets [125]

800 ∘C 5 h
300 ∘C, flowing O2 Optimization of Tc

HgO, Sealed Au tube Mixing in dry box [126]
Ba2Ca2Cu3Ox 850 ∘C, 25 kbar 1–3.5 h Pellets

BaCuO2, 900 ∘C, flowing O2 16 h Preparation of [127]
CaO, CuO Ba2Ca2Cu3O7

HgO,
Ba2Ca2Cu3O7

Evacuated quartz
tube

Pellets

800–850 ∘C a 5 h
300 ∘C, flowing O2 Optimization of Tc

(continued overleaf )
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Table 14.10 (continued)

Reactants Heat treatments Duration Comments Reference

BaCO3, CaO, 900 ∘C 24 h Preparation of [128]

CuO Evacuated quartz
tube

Ba2Ca2Cu3O7

HgO, 600–800 ∘C 8 h
Ba2Ca2Cu3O7 300 ∘C, flowing O2 Optimization of Tc

Ba(NO3)2, Evaporation of H2O Green mixture [129]
Ca(NO3)2⋅4H2O, RT → 530 ∘C 4 h Decomposition
Cu(NO3)2⋅3H2O 530 ∘C 2 h of nitrates
Dissolved in 530 ∘C →

620 ∘C, 620 ∘C
2 h, 4 h

distilled H2O 900 ∘C, in O2 2 × 1–4 h Ba2Ca2Cu3Ox

HgO, Sealed quartz tube Pellets
Ba2Ca2Cu3Ox RT →

600 ∘C, 1 bar O2

14 h

600 ∘C → 800 ∘C 1.5 h
800 ∘C 5 h Furnace cooling
300 ∘C, O2 Optimization of Tc

Ba(NO3)2, 600 ∘C, air 12 h Preparation of [130]
Ca(NO3)2⋅4H2O, 925 ∘C, O2 72 h Ba2Ca2Cu3Ox
Cu(NO3)2⋅3H2O

HgO, 950 ∘C, 59 kbar 3 h High-pressure
Ba2Ca2Cu3Ox synthesis

Ba(NO3)2,
Ca(NO3)2⋅4H2O,
Cu(NO3)2⋅6H2O

60 ∘C∕h →
600 ∘C, O2

Preparation of
Ba2Ca2Cu3Ox

[131]

600 ∘C, O2 40 h
60 ∘C∕h → 900 ∘C
900 ∘C 10 h

HgO, PbO, (4:1) 900 ∘C, 160 MPa 3 h Hot isostatic
Ba2Ca2Cu3Ox pressing

Ba(NO3)2, 200 ∘C Nitrate [132]
Ca(NO3)2⋅4H2O, 600 ∘C decomposition
Cu(NO3)2⋅3H2O 900 ∘C, O2 72 h Ba–Ca–Cu-O
Ba-Ca-Cu-O, Pt or Au container Mixing in glove box

HgO 900 ∘C, 18 kbar 1–1.8 h

BaO2, CaCO3 1000 ∘C Preparation of [133]
dynamic vacuum BaO and CaO

HgO, BaO, Evacuated silica tube Mixing in dry box
CaO, CuO RT → 800 ∘C 5 h Al2O3 crucibles

800 ∘C 20 h Ba2Ca2Cu3O7+
800 ∘C → RT 16 h 2Hg-1223 pellets
300 ∘C, flowing O2 5 h Optimization of Tc
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Table 14.10 (continued)

Reactants Heat treatments Duration Comments Reference

Ba2Ca2Cu3O7, Pb0.2Ba2Ca2Cu3Ox or Precursors [134,

PbO or Bi2O3 Bi0.2Ba2Ca2Cu3Ox 135]

CaO, HgO Evacuated quartz
tube

CaHgO2

775–800 ∘C 10 h (Hg source)

CaHgO2, Evacuated quartz
tube

2 precursor+

Pb0.2Ba2Ca2Cu3Ox RT → 750–900 ∘C 2–3 h Hg source pellets
750–900 ∘C 10–20 h Hg,Pb-1223

Bi0.2Ba2Ca2Cu3Ox RT → 700–820 ∘C
700–820 ∘C 2–30 h Hg,Bi-1223

aHeating rate 160 ∘C/h

14.3 Bulk Cuprate High-Tc Superconductors

14.3.1 Introduction

In principle, bulk cuprate superconductors are interesting materials for various applica-
tions. Soon after the discovery of the weak-link problem in sintered cuprate superconduc-
tors, it was found that this problem can be strongly alleviated by melt processing. In bulk
cuprate superconductors, moderately high critical current densities were achieved. Because
of their extremely low thermal conductivity, bulk cuprate superconductors can be used in
high-temperature superconducting current leads [139, 140]. Other possible applications
are fault current limiters [141], bearings for magnetic levitation in flywheel energy storage
[142], and magnet applications [143, 144]. The last are based on the fact that magnetic flux
can be trapped in bulk high-temperature superconductors at temperatures well below Tc.
The use of bulk high-Tc superconductors inmotors and generators has been proposed [145].
In Section 14.3.2, the preparation and the properties of bismuth-based bulk supercon-

ductors are briefly described. Because of their relatively low irreversibility fields, Bi-2212
and (Bi,Pb)-2223 are not favored for magnet applications, which require a relatively large
magnetic flux to be trapped at temperatures below Tc. In RE-123 (where RE is a rare
earth element) bulk superconductors, characterized by much higher irreversibility fields
than Bi-2212 and (Bi,Pb)-2223, the trapped flux can be as high as 17 T at 29K [146].
The preparation and the properties of RE-123 high-Tc superconductors are described in
Section 14.3.3.

14.3.2 Bi-2212 and (Bi,Pb)-2223 Bulk Superconductors

Bi-2212 bulk material can be manufactured by the melt cast process (MCP). The precur-
sor oxides Bi2O3, CaO, SrO, and CuO are mixed in amounts leading to the cation ratio
Bi ∶ Sr ∶ Ca ∶ Cu = 2 ∶ 2 ∶ 1 ∶ 2. The mixture of the oxides is melted for 15min at a
temperature of 1050 ∘C. The melt, which is cast in a copper mould, is slowly cooled to
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partly textured

nontextured layers

c

c

Figure 14.7 Sketch of a Bi-2212 tube, which shows the nontextured surface layers and the
partly textured central part of the wall. In the central part, the crystallographic c axes of
the Bi-2212 grains are preferentially parallel to the tube axis or azimuthal direction (adapted
from [148])

room temperature. Nearly single-phase Bi2Sr2CaCu2O8 bulk material of high density is
formed during annealing at 815 ∘C for 36 h [147]. In a slightly modified way, Bi-2212 rings
and hollow cylinders can be manufactured. A homogenous melt of the metal oxides with
the addition of 10% SrSO4 is cast on the inner wall of a rotating steel mould. After solidifi-
cation, the bulk material contains several different phases. Again an annealing at 750 ∘C to
850 ∘C promotes the formation of nearly single-phase Bi-2212 bulk material [148]. Typical
dimensions of Bi-2212 rings manufactured by melt casting are 50 to 200mm in length and
20 to 400mm in diameter, with walls 2 to 8mm thick [148]. A typical orientation of the
Bi-2212 crystallites is illustrated in Figure 14.7. Thin layers at the inner and outer radii of
the Bi-2212 bulk tubes are not textured, whereas in the central zone of the bulk material the
crystallographic c axes of the Bi-2212 crystallites are preferentially parallel to the axial or
the azimuthal directions. On the other hand, there exists no preferential orientation of the
c axes parallel to the radial direction, which is the direction of the thermal gradient in the
melt cast process [148].
As an alternative to Bi-2212, bulk (Bi,Pb)-2223 high-Tc superconductors were prepared

by cold isostatic pressing (CIP) with repeated annealing steps. In sintered (Bi,Pb)-2223
rods of 10mm diameter, critical current densities of 300 to 500A/cm2 were achieved at
77K and zero applied magnetic field [140]. The initial powders used for the manufacture
of (Bi,Pb)-2223 bulk material contained 90% of the 2223 phase. The best performance was
found for bulk material prepared from partially reacted (Bi,Pb)-2223 powders [140]. The
critical temperature of the (Bi,Pb)-2223 superconductor reaches a value of 105K, as com-
pared to only 90K for Bi-2212. Moreover, the irreversibility field of (Bi,Pb)-2223 at 77K
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Bi-2212 tube 77 K
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Figure 14.8 Critical current densities versus field of various Bi-2212 and (Bi,Pb)-2223 bulk
superconductors (results from [139, 140, 147])

is significantly larger than that of Bi-2212. Unfortunately, in contrast to melt processing,
the sintering process utilized for the manufacture of (Bi,Pb)-2223 bulk material provides
only relatively low critical current densities.
Figure 14.8 shows the critical current densities of various bismuth-based high-Tc super-

conductors as a function of the applied magnetic field. The critical current of (Bi,Pb)-2223
bulk material reaches a value of ≈230A∕cm2 at 77K with no applied field. The relatively
low critical current density is caused by the fact that in sintered (Bi,Pb)-2223 samples, the
grain boundaries are strongly coupled in only a small fraction of the cross-section, while
the majority of the grain boundaries act as weak links. A reduction of the temperature to
67K increases the jc in zero applied field to about 400A/cm2. In Bi-2212 rods, a critical
current density of ≈870A∕cm2 was achieved at 77K without an applied field.
The jc depends weakly on the direction of the applied magnetic field. The values mea-

sured in magnetic fields perpendicular to the axis are slightly higher than those for parallel
fields. Bi-2212 tubes show a similar performance to the rods. The lowest critical current
densities were reported for bar-shaped Bi-2212 samples. For all Bi-2212 samples, the
dependence of jc on the applied magnetic field is more pronounced than that found for
the (Bi,Pb)-2223 bulk material. The reason for this difference is the lower irreversibility
field of the Bi-2212.
Figure 14.9 shows the dependence of the critical current densities of (Bi,Pb)-2223

tubes [148], and Bi-2212 bars [147] and tubes [148] on temperature. The Bi-2212 bars
and tubes show a similar dependence of jc on temperature. However, the absolute values
of jc published for the tubes in 2010 [148] are much higher than those found for the
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Figure 14.9 Temperature dependence of the critical current density of Bi-2212 and
(Bi,Pb)-2223 bulk superconductors (results from [147, 148])

bars (cross-section of 1mm × 1mm) in 1989 [147]. The comparison indicates that the
performance of Bi-2212 bulk material has been significantly improved since 1989. Due to
the higher critical temperature of the (Bi,Pb)-2223 bulk material (Tc

2223 ≈ 108K, Tc
2212

≈ 92K) the jc of the 2223 tubes is higher than that of the 2212 tubes at temperatures
above 60K. On the other hand, the jc of the 2212 tubes is significantly larger at lower
temperatures. The better performance of the 2212 tubes originates from the fact that the
connectivity of the grains in the melt cast 2212 is better than in the sintered 2223.
An interesting feature is the extremely low thermal conductivity of Bi-2212 and

(Bi,Pb)-2223 bulk material. The thermal conductivity integrated over the temperature
range of 4.2 to 77K is as low as 80W/m for Bi-2212 and 103W/m for (Bi,Pb)-2223 [139].
In spite of relatively low critical current densities, the use of Bi-2212 or (Bi,Pb)-2223 for
the low-temperature part of current leads would be very effective in reducing the heat
load at the 4K level due to heat conduction [139]. A drawback of the very low thermal
conductivity is the difficulty of protecting the current lead against a burn-out in case of a
quench (see, e.g., [149]).

14.3.3 RE-123 Bulk Superconductors

The most attractive bulk superconductors for applications requiring a high-trapped field are
RE-123 compounds (where RE represents Y or another rare earth element). Soon after the
discovery of superconductivity above 77K in YBa2Cu3O7−x (Y-123), the grain boundaries
in sintered material were found to act as weak links. Melt processing was found to strongly
alleviate the weak link problem. All melt processing techniques are based on the peritectic
reaction, in which the RE-123 phase melts incongruently over a wide compositional range
to form RE2BaCuO5 (RE-211) and a Ba–Cu–O liquid phase. In the case of YBa2Cu3O7−x
the peritectic temperature Tp is around 1015 ∘C. Slow cooling of this mixture below Tp
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leads to the formation of the desired 123 phase according to the following chemical reaction
[143, 150]:

Y2BaCuO5 + L(3BaCuO2 + 2CuO) → 2YBa2Cu3Ox (14.8)

The strongly coupled grains formed during the melt processing lead to much higher trans-
port critical current densities than in sintered material. Furthermore, the dependence of jc
on applied magnetic field is much less pronounced than in sintered Y-123.
The main steps of the melt texture growth (MTG) process of Y-123 [151, 152] are

presented in Figure 14.10. The Y-123 powder is typically prepared by the solid-state

Melt texture growth of Y-123

Solid-state reaction of Y2O3,
BaCO3, and CuO

Partial melting at 1050–1200°C

Directional solidification with a
temperature gradient of 50°C/cm

and slow cooling to 900°C

Decomposition of Y-123 into
Y-211 and liquid

Oxygenation during slow cooling
in oxygen atmosphere with a rate

of 10°C/h to 400°C

Melt textured Y-123

Figure 14.10 Sketch of melt texture growth as described in [151, 152] (adapted from [1])
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reaction of Y2O3, BaCO3, and CuO. Pressed pellets are heated above the peritectic
temperature, leading to the decomposition of the Y-123 phase into solid Y-211 and an
off-stoichiometric Ba–Cu–O liquid. During slow cooling through the peritectic temper-
ature, the YBa2Cu3O7−x phase is re-formed according to reaction 14.8. The application
of a thermal gradient of 50 ∘C/cm during the slow cooling to 900 ∘C leads to a textured
microstructure. To reach the optimum critical temperature, the melt textured bulk material
is cooled at a rate of 10 ∘C/h to 400 ∘C in oxygen.
A melt processing route without the application of a thermal gradient was developed

by Salama et al. [153] (see Figure 14.11). Again the Y-123 powder is synthesized by the
standard solid-state reaction. The powder is cold pressed into bar-shaped samples, which
are inserted into a preheated furnace. The samples are rapidly cooled from 1100 ∘C to
1030 ∘C followed by slow cooling (1 ∘C/h) to 980 ∘C. After annealing for 8 h at 980 ∘C
the material is furnace-cooled to 600 ∘C. The suppression of crack formation requires slow

Melt processing without a thermal gradient

Preparation of Y-123 powder by

solid-state reaction

Insertion of cold pressed samples

into the preheated furnace

Rapid cooling to 1030°C

Slow cooling to 980°C (1°C/min)

8 h annealing at 980°C

Furnace-cooling to 600°C

Slow cooling to 400°C

12 h annealing at 600°C in O2

and long holds at 500°C

Textured Y-123 bulk material

Figure 14.11 Sketch of melt processing without the use of a thermal gradient as described in
[153] (adapted from [1])
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cooling from 600 ∘C to 400 ∘C. The bulk material is oxygenated by annealing at 600 ∘C for
12 h in oxygen, followed by long holds at 500 ∘C and 400 ∘C.
Another way to prepare RE-123 bulk material is the melt powder melt growth (MPMG)

process [143, 154]. We consider again the manufacture of Y-123 bulk material. A presin-
tered Y–Ba–Cu–O sample is rapidly heated to a temperature above 1300 ∘C. In the peri-
tectic reaction, the Y–Ba–Cu–O sample decomposes into a liquid and Y2O3. Using cold
copper plates, the material is rapidly quenched to room temperature. In a second step, the
material is heated to a temperature in the range of 1000–1200 ∘C, leading to re-melting
of the sample. The Y2O3 reacts with the melt to form Y2BaCuO5, which reacts with the
remaining liquid to form YBa2Cu3O7−x. During these reactions, fine Y-211 particles of
about 1μm size are dispersed in the Y-123 matrix.
The formation of textured RE-123 bulkmaterial can be facilitated by the use of seed crys-

tals [143, 155–159]. We again consider YBa2Cu3O7−x as an example. A thin RE-123 single
crystal, placed on top of a presintered Y-123 sample, acts as an effective nucleation site,
which controls the nucleation of the Y-123 phase. The formation temperatures of RE-123
phases vary depending on the rare-earth element present in the compound. The RE-123
seed crystal must have a higher formation temperature than the presintered Y-123. The
formation temperature of Y-123 is 1000 ∘C, while Sm-123, Eu-123, Gd-123, and Dy-123
nucleate at higher temperatures of 1060 ∘C, 1050 ∘C, 1030 ∘C, and 1010 ∘C, respectively
[143]. Ho-123, Er-123, and Yb-123 are characterized by lower formation temperatures of
990 ∘C, 970 ∘C, and 900 ∘C, respectively [143]. As an alternative to thin RE-123 single
crystals, novel thin films of Nd-123 grown on MgO crystals have been used to seed the
formation of Nd-123, Sm-123, Eu-123, and Gd-123 [156]. The phenomenon of superheat-
ing has been observed for Nd-123 and other RE-123 thin films. This means that partial
melting of the thin RE-123 films occurs at a temperature much higher than the peritectic
temperature of the corresponding RE-123 bulk material. For the growth of large Y-123
bulk superconductors, the use of four seed crystals (multiseeding) has been successfully
demonstrated by Wongsatanawarid et al. [157].
The critical current density of RE-123 bulk material depends on the microstructure of

the material. RE-211 particles and the stresses around them, added nanoparticles, dislo-
cations, stacking faults, and point defects can all act as pinning centres. On the other
hand, cracks, and porosity obstruct the current flow. Diko et al. [155] studied crack for-
mation in Y-123 bulk superconductors prepared by top-seeded melt growth. They found
that post-growth treatments required to obtain the optimum oxygen content can introduce
microcracks, which can significantly degrade the properties of the Y-123 bulk material.
The formation of oxygenation cracks can be avoided by a high-pressure (160 bar) and
high-temperature (750 ∘C) post-growth heat treatment.
The critical current densities achieved in melt-processed RE-123 bulk material are listed

in Table 14.11. In the early days of high-temperature superconductivity, critical current
densities of 17 000A/cm2 at 77K and zero applied field were achieved in melt-processed
Y-123, much higher than the values achieved in sintered material. In addition, the critical
current density at a field of 1 T reached a value of 4000A/cm2 [151, 152]. The moderate
decrease of jc in the presence of an applied magnetic field is again in contrast to the very
pronounced drop of jc found in sintered Y-123. The use of seed crystals and improved
pinning allowed the increase of jc in present-day RE-123 bulk material to values of more
than 300 000A/cm2 at 77K and zero applied field [159].
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Table 14.11 Critical current densities achieved in melt processed bulk material

Bulk material T (K) B (T) jc (A/cm2) Comments Reference

YBa2Cu3O7−x 77 0 17 000 Melt textured, [151, 152]
77 1 ≈4 000 directional solidification

YBa2Cu3O7−x 77 0.6 37 000 Melt textured without [153]
thermal gradient

YBa2Cu3O7−x 77 0 71 000 Melt textured Y-123 [160]
77 20a 11 000 doped with BaSnO3

YBa2Cu3O7, 77 0 ≈120000 Melt texture growth [161]
Y2BaCuO5 Annealing at 450 ∘C,

pO2 = 100 bar
(Nd,Eu,Gd)- 77 0 ≈72000 40 mol% [158]
123 (Nd,Eu,Gd)- 211
(Nd,Eu,Gd)- 77 0 ≈196000 0 mol% TiO2 [159]
123 + Gd-211 77 0 ≈310000 0.1 mol% TiO2
GdBa2Cu3O7−x 77 0 ≈115000 Seeded infiltration and [162]

growth
Y-123 77 0 ≈42000 YBa2(Cu1−xAlx)3O7−𝛿 [155]

x = 0.0025

aB parallel ab.

The field dependence of the critical current density in various RE-123 bulk supercon-
ductors is presented in Figure 14.12. For sample Y-123 A1, the critical current density
along the CuO2 (ab) planes drops from ≈120000A∕cm2 at 77K and zero applied field
to ≈20000A∕cm2 in a field of 1 T parallel to the crystallographic c direction [161]. At a
field of 2.8 T jc is still around 10 000A/cm

2. Because of the textured growth of the RE-123
bulk material, the critical current density depends on the direction of the applied mag-
netic field. This behavior is illustrated for sample Y-123 B (see note 1) [160]. At fields
above 1.5 T the decrease of jc with increasing field is much more pronounced for B || c
than for B || ab. An interesting feature of sample B, which has been heat-treated in 100
bar oxygen at 400 ∘C, is the improved pinning at fields of around 1 T parallel to the c
direction. This has been attributed to stacking faults generated by the transformation of
YBa2Cu3O7 (Y-123) to YBa2Cu4O8 (Y-124) [160]. In case of sample Y-123C (see note 1)
the effect of aluminum doping on flux pinning is illustrated. Up to a magnetic field of
≈2.7T the jc of the undoped sample is significantly lower than that measured in the sample
YBa2(Cu1−x,Alx)3O7−δ (x = 0.0025). The substitution of Al for Cu improves the pinning
significantly for fields of 1 T parallel to the c direction. The achievable critical current den-
sity also depends on the rare earth elements present in the 123 compound in question. The
results shown in Figure 14.12 suggest that the critical current densities in Gd-123 [162] and
(Nd,Eu,Gd)-123 (NEG-123) [158, 159] are higher than those in Y-123. The critical current
density of NEG-123 was found to depend on the preparation of the mixture of the NEG-123
and the NEG-211 powders. Ball-milling significantly increased the jc of NEG-123 in fields
of less than 5 T (B||c) [158]. The addition of 0.1mol% TiO2 to NEG-123/35mol% Gd-211
was found to improve the performance of NEG-123 bulk material.

1 Not the same sample as referred to previously.
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Figure 14.12 Critical current density versus field of various RE-123 bulk superconductors
(results from [155, 158–162])

Finally, let us briefly consider the ability of RE-123 bulk material to trap magnetic flux.
We follow here the discussion of the possible use of bulk cuprate superconductors for mag-
net applications by Campbell and Cardwell [143]. A bulk high-temperature superconductor
can be magnetized by cooling from well above to below the transition temperature Tc in
the presence of a magnetic field (field-cooling). Alternatively the bulk superconductor can
be cooled to a temperature below Tc without an applied magnetic field. At low temper-
ature a sufficiently large magnetic field is applied to magnetize the bulk superconductor
(cold magnetization). The trapped magnetic field can be estimated using the Bean model,
which assumes a constant jc for the screening currents within the bulk superconductor. For
simplicity, we consider a long cylinder where demagnetization effects can be omitted. At
the penetration field (Bp = 𝜇0 jc a, where a is the radius of the cylinder) the applied mag-
netic field reaches the centre of the rod, i.e., the whole cylinder is filled with screening
currents. To trap the maximum field it would be necessary to apply a magnetic field Bp in
a field-cooling experiment. In case of cold magnetization a field twice as high as Bp needs
to be applied. After removal of the external magnetic field, the superconducting cylinder
traps a flux, which, for a cylinder fully saturated with current, reaches Bp/2 at the surface.
In Table 14.12, values of the trapped field reported in the literature are presented. The

data indicate that the field trapped in the gap between two Y-123 disks of 24mm diameter
can reach around 1 T at 77K [163]. At a reduced temperature of 51.5K the trapped field
can be enhanced to a value as high as 8.5 T. A record value of more than 17 T trapped
field at 29K has been reported for a Y-123 disk of 26.5mm diameter. In general, the
trapped field can be significantly increased at lower temperatures (see, e.g., the data for
(Nd,Eu,Gd)-123 [158]). As expected the maximum achievable trapped field increases with
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Table 14.12 Trapped field in melt processed RE-123 bulk material

Bulk material T (K) Bt (T) Comments Reference

YBa2Cu3O7−x (Y-123) 29 17.24 Diameter of 2.65 cm [146]
YBa2Cu3O7−x (Y-123) 77 1a Diameter of 2.4 cm [163]

51.5 8.5a

YBa2Cu3O7−x (Y-123) 77 ≈0.53 Diameter of 4.3 cm [164]
GdBa2Cu3O7−x (Gd-123) 77 1.5 Ag addition, D = 3.2 cm [165]
GdBa2Cu3O7−x (Gd-123) 77 0.32 Diameter of 2 cm [162]
GdBa2Cu3O7−x (Gd-123) 77 ≈0.9 Diameter of 2.4 cm [156]

77 1.35 Diameter of 4.5 cm
SmBa2Cu3O7−x (Sm-123) 77 4.07 Diameter of 6 cm [158]
(Nd,Eu,Gd)Ba2Cu3O7−x 77 ≈1.4 Diameter of 3 cm [158]
((Nd,Eu,Gd)-123) 70 ≈2.1

65 ≈2.9
60 ≈3.9
55 ≈5.1
50 ≈5.8
45 ≈6.9
40 ≈7.6
35 ≈8.5

aTrapped field in the gap between two samples.

the size of the bulk superconductor, as demonstrated for Gd-123 disks of 24 and 45mm
diameter [156]. In a Sm-123 disk of 6 cm diameter, a field of more than 4 T could be trapped
even at a temperature of 77K [158].

14.4 Summary

The synthesis of cuprate powders is an important step in the manufacturing of supercon-
ducting wires and tapes. RE-123, Bi-2212, and (Bi,Pb)-2223 powders can be prepared by
solid-state reaction of binary oxides and carbonates. In order to ensure adequate homogene-
ity and low residual carbon content, several calcination steps with intermediate grindings
are required. The detrimental effects of moisture and carbon dioxide can be minimized by
handling the powders in a glove box filled with synthetic air or an inert gas. The main dis-
advantages of the superconductor powder preparation by solid-state reaction are long heat
treatment times, time consuming intermediate grindings, and the unavoidable chemical
inhomogeneity on the atomic scale. These disadvantages can be avoided by solution-based
processing routes such as citrate pyrolysis and oxalate co-precipitation.
The synthesis of thallium- and mercury-based cuprate superconductors is more difficult

because of their toxicity and volatility. To avoid substantial loss of thallium or mercury dur-
ing long heat treatments at high temperatures, two-step reactions are used. In the first step, a
precursor containing the nonvolatile constituents Ba, Ca, and Cu is prepared. In the second,
the precursor reacts with Tl2O3 or HgO. For the synthesis of Hg-based high-temperature
superconductors, nonreacted pellets of Hg–Ba–Ca–Cu–O are frequently used as a mercury
source in place of HgO. By using unreacted Hg-12(n − 1)n pellets, mercury vapor pressure
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can be limited to acceptable values. Another way to avoid Hg or Tl loss is the synthesis of
these cuprates under high pressure.
For some applications, superconducting bulk material is an interesting alternative to the

use of superconducting wires and tapes. Bi-2212 bulk material can be easily manufactured
by a melt cast process. Because of the low irreversibility field of Bi-2212 at temperatures
close to 77K, thematerial is suitable for low-field applications only. Formagnetic levitation
andmagnet applications, RE-123 bulk material is more suitable because of the much higher
irreversibility field at 77K.
In applications of bulk superconductors, the possible occurrence of flux jumping has

to be carefully investigated. For low-temperature superconductors, it is well known that
the superconductor in a wire must be subdivided into thin filaments to avoid flux jump
instability. Because of the much larger specific heat at elevated temperatures and the gener-
ally larger temperature margins provided by high-temperature superconductors, even bulk
material may not show flux jump instabilities. A detailed discussion can be found in the
literature [166–172].
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15
First- and Second-Generation

High-Temperature
Superconductor Wires

15.1 Introduction

For power applications of superconductivity, long superconducting wires with sufficiently
high critical current density are required. In addition, in magnet applications, wires need
to be able to withstand the large Lorentz forces generated in the windings of a supercon-
ducting magnet. Another aspect of importance is the fact that the superconducting wires
must be able to be wound into coils or high-current cables. Unfortunately, the cuprate
superconductors are brittle ceramics. In order to achieve some flexibility for coil wind-
ing, superconducting wires are composites of the high-temperature superconductor (HTS)
and a good normal conducting metal. The strain tolerance of the superconducting wire may
be further improved by stainless steel laminations. A good normal conductor in parallel to
the HTS is necessary not only for improved bending properties but also to ensure stability
against disturbances, which would otherwise lead to a transition to the normal state. In the
case of a quench, the superconducting magnet is discharged via an external dump resis-
tor. During the discharge, the current decays exponentially with a time constant 𝜏 = L∕R,
where L is the inductance of the magnet and R the resistance of the external dump resistor.
The resistance of the dump resistor has to be selected in such a way that the discharge volt-
age, which may be as high as 10 kV, is well below the breakdown voltage of the electrical
insulation. When a quench occurs, the current is transferred from the superconductor to the
normally conducting stabilizer (e.g., copper or silver). The cross-section of the normal con-
ducting stabilizer must be large enough to limit the maximum temperature in the winding
(hot-spot temperature) to less than 200K.
The merits of HTS are critical temperatures well above 77K, and extremely high upper

critical fields. For power applications (transformers, power transmission cables, fault cur-
rent limiters, and generators), operation temperatures much higher than 4K are required to
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make them economically competitive with conventional technology. In principle, cooling
by liquid nitrogen would be highly desirable for power applications of HTS. Another
possible application is the generation of extremely high magnetic fields. The present-day
work-horses in the field of superconducting magnets are NbTi (Tc = 9.5 K, Bc2(T = 0) =
13 T) [1] and Nb3Sn (Tc = 18 K, Bc2(T = 0) = 24 T) [2]. Magnetic fields significantly
higher than 20 T can be generated by the use of HTS. The most cost-effective way to gen-
erate magnetic fields well above 20 T is the use of a HTS insert coil, which increases the
field generated by an outer Nb3Sn main magnet by several tesla.
From a technical point of view, the engineering critical current density of a supercon-

ducting wire should reach 105 A/cm2 at the envisaged operating field and temperature
[3]. The engineering critical current density je is defined as the critical current divided
by the total wire cross-section including the normal conducting matrix, whereas the crit-
ical current density jc is based on the cross-section of the superconducting filaments. A
high-engineering critical current density of more than 105 A∕cm2 is also desirable for eco-
nomic reasons. In power applications, the use of HTS is in competition with conventional
technology based on the use of copper. The widespread use of HTS in the grid would
require the superconductor cost per unit length divided by the operating current density to
be comparable to that of copper.
In this chapter, the development of first- (Ag/Bi-2212 and Ag/Bi-2223) and second-

generation (RE-123-coated conductors, where RE represents Y or another rare earth ele-
ment) HTS wires will be described. The factors limiting the critical current density will
be discussed. Examples of the performance of industrially fabricated HTS wires will be
presented.

15.2 First-Generation High-Tc Superconductor Wires and Tapes

15.2.1 Introduction

Soon after the discovery of high-temperature superconductivity above 77K it was noticed
that the transport critical current density in sintered YBa2Cu3O7−x is extremely low. In
addition, the critical current density dropped by more than an order of magnitude in the
presence of a magnetic field as small as 10mT. Further investigations showed that the grain
boundaries in HTS act as barriers for the transport current. Mannhart et al. [4] performed
detailed studies of the transport critical current densities across individual grain bound-
aries. Their results suggest that the grain boundaries in cuprate superconductors behave
as superconductor–normal–superconductor (S–N–S) type contacts. These weak links at
the grain boundaries are responsible for extremely low transport critical current densities
in cuprate superconductors, and also explain the high sensitivity to small applied mag-
netic fields. The fact that grain boundaries can act as weak links has been attributed to the
extremely short coherence length in the cuprate superconductors especially along the crys-
tallographic c direction (see Chapter 9). The effect of the misalignment angle between the
crystallographic axes of two YBa2Cu3O7−x films, epitaxially grown on a SrTiO3 bicrys-
tal, on the grain boundary transport critical current density was studied by Dimos et al.
[5, 6]. They found that the transport critical current density across the grain boundary
declines exponentially with increasing misalignment angle. For misalignment angles of
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a few degrees, the grain boundaries do not block the supercurrents, which is in line with
the high transport critical current densities found in epitaxial HTS films.
An important step in the development of the first generation of HTS wires and tapes was

the discovery by Heine et al. in 1989 that strongly coupled grains and high critical cur-
rent densities can be achieved in round Ag/Bi-2212 wires by a partial melting process [7].
A further breakthrough was the laboratory-scale manufacture of Ag/Bi-2223 tapes with
a critical current density of 54 000 A∕cm2 at 77K and zero applied field by Sato et al.
[8–12] in the early 1990s. These tapes were manufactured by repeated pressing and sinter-
ing steps, which provided a c-axis texture of the Bi-2223 filaments. For the fabrication of
long Ag/Bi-2223 tapes, the deformation needs to be performed by a rolling process. Due to
the relatively high critical temperature of ≈110 K, relatively high critical current densities
can be achieved in Ag/Bi-2223 tapes at 77K and low magnetic fields. On the other hand,
Ag/Bi-2212 wires offer high critical current densities at 4.2K in fields well above 20 T.
An important advantage of Bi-2212 is the fact that high critical current densities can be
achieved not only in tapes but also in round wires.

15.2.2 Ag/Bi-2212 Wires and Tapes

The first aspect to be considered is the manufacture of Ag/Bi-2212 round wires by the
powder-in-tube (PIT) method (see Figure 15.1). Silver or silver alloy tubes are filled with
fully reacted Bi-2212 powder. For the manufacture of monocore wires, silver tubes of 6mm
inner and 8mm outer diameter were used [7]. Round Ag/Bi-2212 monocore wires are
obtained by drawing with a 10–15% reduction in the cross-section per pass. In themanufac-
ture of multifilament wires, the initial silver tube filled with the Bi-2212 powder is drawn
to hexagonally shaped single-core wires of 2–4mm diameter. Typically, 19 or 37 of these
monocore wires are stacked into a silver or silver alloy tube. This composite is deformed
by drawing to a multifilament wire of 1mm diameter. In monocore wires, the fraction of
Bi-2212 in the total cross-section reaches 50%, while it is around 40% in multifilament
wires [13].
In different parts of the heat treatment, oxygen is released or taken up by the Bi-2212.

It is, therefore, essential that the silver matrix is permeable for oxygen. In addition, silver
does not cause any chemical degradation of the Bi-2212 superconductor.
In order to reach high critical current densities, it is essential that the Bi-2212 is for a

short time partially molten during the heat treatment. Figure 15.2 shows various heat treat-
ment schedules used in the manufacture of Ag/Bi-2212 wires and tapes. A common feature
of all of them is partial melting of the Bi-2212. The partial melting temperatures used in
the different heat treatment schedules vary around 890 ∘C. The partial melting temperature
was found to depend on the heat treatment atmosphere. It decreases with decreasing oxygen
partial pressure. Holesinger et al. [14] determined the melting temperature of thick Bi-2212
films on silver substrates by means of differential thermal analysis (DTA). They found for
the chemical composition Bi2.09Sr2.03Ca0.78Cu2.11Oy melting temperatures of 856.5 ∘C for
1%O2 and 99%Ar, 877.5 ∘C for 10%O2 and 90%Ar and 889.5 ∘C in 100%O2. The quoted
values are based on the position of the endothermic peak in the DTA scans. The melting
of the Bi-2212 phase sets in at a temperature which is 1.5–2.5 ∘C lower than the position
of the peak in the DTA scan. Shibutani et al. [15] investigated the dependence of the melt-
ing temperature of Bi-2212 powder, estimated by DTA, on the oxygen partial pressure.
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Fabrication of Ag/Bi-2212 Wires by the Powder-In-Tube Method
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Figure 15.1 Sketch of the manufacture of Ag/Bi-2212 round wires by the powder-in-tube
(PIT) method
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For the chemical compound Bi2.1Sr2CaCu1.9Ag0.1, they found melting temperatures of
843 ∘C, 864 ∘C, 875 ∘C, and 881 ∘C at oxygen partial pressures of 0.01, 0.1, 0.2, and 0.5 bar,
respectively. Furthermore, the melting point of Bi-2212 is reduced in the presence of silver.
Hasegawa et al. [16] observed that the melting point of a Bi-2212 film on MgO is 883 ∘C,
whereas melting of a Bi-2212 film on a silver substrate sets in at a temperature as low as
864 ∘C.
Figure 15.2a shows a heat treatment schedule developed for Ag/Bi-2212 wires of 1.5mm

diameter with seven filaments [17, 18]. The oxygen content of Bi-2212 depends on both
temperature and oxygen partial pressure [19]. Below 800 ∘C, the oxygen content of Bi-2212
was found to be independent of oxygen partial pressure. In general, the oxygen content of
Bi-2212 decreases with increasing temperature. At a temperature of 200 ∘C, the chemical
composition of the 2212 phase is well described by the formula Bi2Sr2CaCu2O8.3, while
at 700 ∘C the formula is Bi2Sr2CaCu2O8.15, reflecting the reduced oxygen content [19].
As a consequence, oxygen is released from the Bi-2212 filaments during heating to the
partial melting temperature. For the heat treatment schedule presented in Figure 15.2a,
all heat treatments were performed in air. The ramp rates for heating and the annealing at
880 ∘C are expected to lead to the optimum oxygen content before the Bi-2212 filaments are
partially melted. It was found that the optimum annealing time, which is closely connected
to oxygen diffusion through the silver matrix, depends on the wire and filament dimensions,
and increases for thicker wires. The achievable critical current density is very sensitive to
the maximum temperature during partial melting. For developmental Ag/Bi-2212 wires of
1.5mmdiameter, the highest short-sample critical current densities of 70 000A/cm2 (4.2K,
Ba = 0) were obtained for partial melting at 893 ∘C [17, 18]. Majewski [20] reported that,
during the partial melting step, the Bi-2212 phase decomposes into Bi-2201, earth-alkali
cuprates, and a liquid phase. After partial melting, the wires are furnace-cooled to room
temperature. The final long-term annealing at 840 ∘C is necessary for renewed formation of
the Bi-2212 phase. Again, heat treatment ends with furnace-cooling to room temperature.
Figure 15.2b shows a heat treatment schedule developed for Ag/Bi-2212 multifilament

wires with filament diameters between 11 and 100 μm [21]. Independently of each other,
Wesche et al. [22] (monocore wires) and Motowidlo et al. [23] (multifilament wires) dis-
covered that the critical current density in Ag/Bi-2212 wires increases with decreasing
filament diameter. Using the heat treatment schedule presented in Figure 15.2b, Motowidlo
et al. [23] achieved a critical current density of 165 000 A∕cm2 at 4.2K and Ba = 0 in
Ag/Bi-2212 wires with 11 μm filaments. All heat treatments in the schedule presented in
Figure 15.2b were performed in pure oxygen. A heating rate of 300 ∘C/h was used up to
a temperature of 870 ∘C. Between 870 ∘C and the partial melting step at 885 ∘C, a slower
heating rate was used. The renewed formation of the Bi-2212 phase occurred during slow
cool-down to 870 ∘C and the following reduction in the temperature in 5 ∘C steps and hold
times of 24 h for each temperature step. The slow cool-down between 885 ∘C and 870 ∘C
is required to achieve better grain alignment, which is further improved during step solidi-
fication between 870 ∘C and 840 ∘C. The step solidification may also reduce the amount of
minor phases in the superconducting filaments. The more rapid cool-down to room tem-
perature starts at 840 ∘C. In general, it was found that heat treatment in pure oxygen instead
of air is helpful in reaching high critical current densities, especially in thin filaments.
Figure 15.2c shows a heat treatment schedule for Ag/Bi-2212 tapes developed by

Nomura et al. [24]. In air, the tapes were heated up at a rate of 5–60 ∘C/h to a temperature
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slightly below 885 ∘C. To prevent void swelling caused by diffusion of oxygen, the heating
rate needs to be reduced to 10 ∘C/h just below the temperature of 885 ∘C at which the
Bi-2212 is partially molten. During slow cooling at 5 ∘C/h to 825 ∘C, the Bi-2212 phase is
again formed. Finally, the Ag/Bi-2212 tapes are furnace-cooled to room temperature. For
tapes with a core thickness of 15 μm, a critical current density of 140 000 A∕cm2 at 4.2K
and 10 T was achieved.
Figure 15.2d shows a heat treatment schedule used by Endo and Nishikida for the prepa-

ration of Ag/Bi-2212 tapes of 1.5 cm width and a Bi-2212 core thickness of 40 μm [25].
All heat treatments were performed in pure oxygen. The tapes were heated at a rate of
10 ∘C/h to a temperature of 885 ∘C, at which the Bi-2212 core is partially molten. After
10min at 885 ∘C, the tapes are cooled to a temperature of 820 ∘C at 5 ∘C/h. Slow cooling
to 820 ∘C leads to the renewed formation of the 2212 phase. In addition, the low cooling
rate improves the grain alignment in the Bi-2212 core. Finally, the tapes are cooled down
to room temperature at 160 ∘C/h. Endo and Nishkida achieved a maximum critical current
density of 160 000 A∕cm2 at 4.2K and 1T. They found that heat treatments performed in
air with the same heat treatment schedule led to much lower critical current densities of
only 10 000 A∕cm2 at 4.2K and 1T.
Sager et al. [26] varied the oxygen partial pressure for different steps of the heat treat-

ment schedule (Figure 15.2e). They investigated the influence of the precursor calcination
parameters on the properties of Bi-2212 ceramics. The heat treatment schedule presented
in Figure 15.2e is applied to Bi-2212 pellets of 13mm diameter and an initial thickness of
700 μm deposited on a silver substrate. After partial melting, the thickness of the Bi-2212
pellets is reduced to 400–500 μm. The sample is heated up to 895 ∘C at an initial rate of
180 ∘C/h, which is reduced to a value of 60 ∘C/h just below the partial melting temperature
of 895 ∘C. After 2 h at 895 ∘C, the sample is cooled to 850 ∘C at a cooling rate of 45 ∘C/h.
These heat treatments were performed at an oxygen partial pressure of 1 bar. After partial
melting at 895 ∘C, thematerial recrystallizes during the cool-down to 850 ∘C. The following
annealing steps at 850 ∘C for 20 h and 820 ∘C again for 20 h were performed at an oxygen
partial pressure of 0.1 bar. These annealing steps reduce the amount of minor phases, and
improve the connectivity of the Bi-2212 grains. Thereafter the samples were cooled to a
temperature of 690 ∘C and the oxygen partial pressure was reduced to zero. The annealing
for 2 h at 690 ∘C is needed to optimize the critical temperature of the Bi-2212 phase by
adjusting the oxygen content, which determines the number of holes per CuO2 unit. An
important result of their studies is the fact that high critical current densities in the final
material require a high degree of homogeneity in the initial Bi-2212 powder. Melting dur-
ing the calcination of the initial powders was found to be detrimental to the homogeneity
of the material, leading to reduced critical current densities.
Figure 15.2f shows a heat treatment schedule used by Nachtrab et al. [27] for the manu-

facture of Ag/Bi-2212 wires for magnet resonance imaging (MRI). The fraction of Bi-2212
(fill factor) in the total cross-section of Ag/Bi-2212 wires of 0.787mm diameter reached
≈55% in a wire with 928 filaments. In the wire with the highest fill factor, an engineering
critical current density of 71 600 A∕cm2 was achieved at 4.2K without applied field. The
critical current density reached a value of 131 300 A∕cm2 at 4.2K and zero applied field.
The heat treatments were carried out in pure oxygen (see Figure 15.2f). The partial melting
was done at 890 ∘C. The wires were cooled down to 830 ∘C at the very low rate of 2 ∘C/h.
The final annealing for 8 h at 830 ∘Cwas followed by furnace-cooling to room temperature.
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Figure 15.2g shows a heat treatment schedule for melt processing of silver-sheathed
tapes in pure oxygen atmosphere. Polak et al. [28] found that the highest critical current
densities of 260 000 A∕cm2 at 4.2K without an applied magnetic field result for melting
temperatures between 894 ∘C and 896 ∘C. Temperatures during melting only 2 ∘C above or
below the optimum reduce the critical current density by ≈25%. Polak et al. [28] observed
that the highest density of the Bi-2212 core of 5.7 g/cm3 and the highest Vickers microhard-
ness (≈ 100 kg∕mm2)were obtained for the optimummelting temperature of≈895∘C. The
X-ray density of Bi-2212 is ≈6.5 g∕cm3. As in many other heat treatment schedules, the
Ag/Bi-2212 tapes are slowly cooled from the melting temperature of 895 ∘C to 840 ∘C at a
rate of 10 ∘C/h. The temperature is held for 48 h at 840 ∘C and thereafter rapidly reduced
(at 700 ∘C/h) to room temperature.
Because the density of the Bi-2212 core is lower than the X-ray density, there must be

some porosity present. The formation of voids in the superconducting core of developmen-
tal Ag/Bi-2212 monocore wires was already observed in 1993 [29]. Typically the voids are
non-uniformly distributed in the superconducting Bi-2212 filaments, and at some places
large voids reduce the effective area of single Bi-2212 filaments to a small fraction of the
nominal value. Large bubbles formed in the Bi-2212 core can even deform the silver sheath,
especially in tape conductors. Possible sources for the bubble formation are the release of
oxygen and carbon dioxide. In principle, the silver sheath is oxygen permeable, and hence
bubble formation originating from oxygen loss should be controllable by an adequate heat
treatment schedule.
In contrast to oxygen, CO2, which is formed from residual carbon-containing materials,

does not permeate through the silver sheath. It is necessary to use Bi-2212 powders with as
little residual carbon as possible. Reeves et al. [30] studied the use of overpressure process-
ing to reduce void formation in Ag/Bi-2212 tapes. Furthermore, they used initial Bi-2212
powders with a residual carbon content as low as 220 ppmwt (parts per million by weight).
The residual carbon content of the Bi-2212 powder was lowered from 710 to 220 ppmwt by
means of a heat treatment at 700 ∘C in partial vacuum with flowing oxygen for 1 day. Their
heat treatment is presented in Figure 15.2h. The tapes were heated up to 835 ∘C and held at
there for 1 h in pure oxygen (p = 1 bar). The following partial melting step at 895 ∘C was
performed in a mixture of Ar and O2 with a total pressure of 8.4 bar and an oxygen partial
pressure of 1 bar. After annealing for 24 h at 840 ∘C, the tapes were cooled down to room
temperature at 120 ∘C/h. Below 800 ∘C, the oxygen partial pressure was reduced to zero,
and the tapes were cooled down to room temperature in an argon atmosphere of 8.4 bar.
The overpressure processing was found to be effective in reducing the number of bubbles
per tape length. The phase assembly found after processing at a few atmospheres over-
pressure is characterized by Bi-2212, small grains of (Sr,Ca)14Cu24Ox, very small grains
of Bi2(Sr,Ca)4Ox, and some long thin grains of Bi2Sr2CuOx (Bi-2201). This is similar to
that found after processing in pure oxygen (p = 1 bar). The main difference was a larger
amount of Bi-2201 in these tapes [30].
The manufacture of magnets from Ag/Bi-2212 wires, in which the magnet is wound

before heat treatment (wind and react), suffers from difficulties related to the partial melt
process. Leakage of material from the oxide core through the silver alloy sheath has fre-
quently been observed. Moreover, the critical current density of Ag/Bi-2212 wires is very
sensitive to the maximum temperature during partial melting. The electrical insulation of
wind and react Ag/Bi-2212 magnets must be compatible with the required oxygen and
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Figure 15.2 Various heat treatment schedules used in the manufacture of Ag/Bi-2212 wires
and tapes. The details are described in the text (results from a [17, 18], b [21], c [24], d [25], e
[26], f [27], g [28], h [30], and i [31, 32])
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thermal diffusion. The necessity of heat treatment in pure oxygen at close to 900 ∘C also
reduces the options for reinforcing materials [31]. On the other hand, there exist severe
strain limitations for Ag/Bi-2212 magnets manufactured by the react and wind process, in
which the magnet is wound using fully reacted Ag/Bi-2212 wire [31].
To avoid these problems, Liu et al. [31] and Shen et al. [32] have proposed the use of a

react-wind-sinter process for the manufacture of Ag/Bi-2212 magnets. In this, the partial
melt processing of the Ag/Bi-2212wires is split into two parts, as illustrated in Figure 15.2i.
The heat treatments were performed in pure oxygen. In the first heat treatment, the wires
were heated up at a rate of 160 ∘C/h to 820 ∘C and held for 2 h at this temperature. The
partial melting of the Bi-2212 filaments was performed at 888 ∘C, followed by slow cooling
to 881 ∘C. Finally, the wires are cooled to room temperature at 160 ∘C/h, and wound into a
coil. Thewindingmay lead to the formation of cracks in the Bi-2212 filaments. The reaction
continues during cooling from 881 ∘C, at which the heat treatment was interrupted.
Liu et al. found by means of DTA that the melting temperature of the Bi-2212 filaments

is reduced after the reaction heat treatment [31]. Although the second heat treatment starts
from only 881 ∘C, a small amount of liquid is formed, which is expected to be sufficient to
heal cracks formed during coil winding. The wires are slowly cooled from 881 ∘C to 833 ∘C
(at 1–2.5 ∘C/h), and held at this temperature for 21–48 h. The heat treatment is finished
by furnace-cooling (≈ 85 h) to room temperature. Even for bending diameters as small
as 4 cm, the engineering critical current density of Ag/Bi-2212 wires of 0.78mm diame-
ter reached 75 000 A∕cm2 at 4.2K without applied magnetic field. Even higher values of
145 000A/cm2 were achieved for wires of 0.4mm diameter [31].
Other ways to manufacture Ag/Bi-2212 tapes are continuous dip-coating [33–37],

tape-casting [33, 38–44], and electrophoretic deposition of Bi-2212 on silver [33]. In all
these alternatives to the powder-in-tube method, Bi-2212 is deposited onto a metallic sub-
strate in different ways. In contrast to the RE-123-coated conductors (second-generation
HTS), the Bi-2212 grains of Ag/Bi-2212-coated conductors show only a c-axis texture,
i.e., the crystallographic c-axis is oriented perpendicular to the broad face of the tapes,
while there is no alignment of the grains in the ab planes.
Figure 15.3 shows a sketch of the continuous dip-coating technique. Yang et al. [34]

mixed the Bi2Sr2CaCu2Ox powder with 10wt% polyvinyl butyral binder and 90wt%
trichloroethylene solvent. In order to disperse the Bi-2212 powder, a small amount of
phosphate ester was added. A silver or silver-alloy tape is passed through this slurry at
a velocity of 20 cm/min. Yang et al. [34] used a silver substrate with 0.25wt% Mg and
0.25wt% Ni added. After heat treatment above 800 ∘C, fine Ni–Mg–O precipitates of
2 nm diameter are uniformly distributed throughout the silver alloy tape. The dispersed
precipitates lead to a significant improvement in the mechanical properties as compared
to pure silver. The uniformity of the thickness of the Bi-2212 coating can be controlled
by the volatility of the solvent, the viscosity of the Bi-2212 slurry, and the coating speed
[34]. The typical thickness of the Bi-2212 films on both sides of the silver substrate ranges
from 10 to 50 μm after heat treatment. The dimensions of the silver substrate are several
mm in width and 50 to 100 μm in thickness. The heat treatment will be discussed after
the description of the tape-casting method. In short samples, critical current densities
as high as 220 000 A∕cm2 (Ba = 0) and 70 000 A∕cm2 at 10 T were achieved at 4.2K
[35]. The jc value of 70 000 A∕cm2 corresponds to an engineering critical current density
je = 29 000 A∕cm2 (4.2 K, 10 T).
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Figure 15.3 Sketch of the continuous dip-coating technique as described in [34] (adapted
from [33])

Figure 15.4 shows a sketch of the tape-casting technique. Descriptions of this technique
can be found in Refs. [33, 39, 40]. Heeb et al. [39] mixed Bi-2212 powder prepared by a
solid-state reaction for 4 h with an organic solvent consisting of ethanol, triolein, polyethy-
lene glycol, phtalic acid ester, and polyvinyl butyral. In this solution, triolein acts as a
dispersant for the Bi-2212 powder, polyethylene glycol and phtalic acid ester were used as
plasticizer, while polyvinyl butyral was used as the binder. The Bi-2212 slurry is tape-cast
into tapes of 150mm width and 50 μm thickness. Before partial melting, the tapes were
put onto silver foils of 50 μm thickness.
Typical heat treatment schedules for dip-coating [37] and tape-casting [39, 44] are pre-

sented in Figure 15.5. In both processing routes, organic compounds and binders must be
removed before the partial melting process is started. In the heat treatment schedule for
dip-coating, the organic binder is burnt out by heat treatment at 400 ∘C. Partial melting is
performed at 874–876 ∘C. This relatively low temperature seems to be required by a rel-
atively large carbon content of the Bi-2212 slurry, originating from the polyvinyl butyral
binder and the trichloroethylene solvent [37]. After the partial melting step, the tapes are
slowly cooled to 840–845 ∘C and held at this temperature for several hours. This solidifi-
cation step leads to the renewed formation and textured growth of the Bi-2212 phase.
In the case of tape-casting, the organic compounds are removed by heat treatment at

500 ∘C in air. The partial melting is performed in pure oxygen at 893 ∘C for thick films
and 875 ∘C for thin films. The Bi-2212 phase is formed again and the grains are aligned
during cooling to 820 ∘C at a rate of 5 ∘C/h. The tape-cast tapes are annealed for 1–50 h at
820 ∘C, again in pure oxygen. The partial melting-solidification step is finished by rapid
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Figure 15.4 Sketch of the tape-casting technique as described in [39, 40] (adapted from [33])

cooling (500∘C∕h) to room temperature. Finally, the tapes are annealed at 500 ∘C for 10 h
in nitrogen to reach the optimum critical temperature.
In 15 μm thick films deposited on silver substrates, the critical current density at 4.2K

exceeded 105 A/cm2 for fields of 25 T applied parallel to the broad face of the tape [38].
Even for the unfavorable field direction perpendicular to the broad face of the tapes (i.e.,
B||c), the jc is more than 105 A∕cm2 at 16 T. The quoted jc values are based on an electric
field criterion of 1 μV∕cm.
The next aspect to be considered is the dependence of the critical current on applied

magnetic field at different temperatures. Figure 15.6 shows the critical current densities
normalized to the values at 4.2K and zero applied field of two developmental monocore
Ag/Bi-2212 wires [45, 46]. In both Ag/Bi-2212 wires, application of a magnetic field of
1 T reduced the jc at 4.2K to around 50% of the zero-field value. This reduction in jc may
be due to some weakly coupled grains in the Ag/Bi-2212 wires. For fields between 1 and
8 T, the decrease in jc with increasing field is much less pronounced. As a consequence of
the extremely high upper critical field of Bi-2212, the further reduction in jc above 8 T is
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Figure 15.5 Typical heat-treatment schedules for dip-coating (top) (after [37]) and tape-cast-
ing (bottom) (after [39, 44]). In both cases, the organic binders and compounds need to be
removed before the partial melting step. For the dip-coated tape, the organic binder is removed
by a heat treatment at 400 ∘C, while a temperature of 500 ∘C was necessary to remove the
organic compounds from the tape manufactured by tape-casting. In order to reach high criti-
cal current densities, a partial melting process is required in both processing routes. The details
are discussed in the text

very small. Even at 4.2K and 12 T, the jc is still ≈30% of the zero-field value. At higher
temperatures, the reduction in jc with increasing applied magnetic field becomes more and
more pronounced. The values of jc achieved at 20K and 12 T are between 6% and 10% of
the jc at 4.2Kwith no field. At the highest temperature of 60K, jc drops to≈1% of jc (4.2K,
Ba = 0) at a field as low as 0.75 T. In general, the jc declines exponentially with increasing
fields for B ≥ 1 T. This behavior can be attributed to thermally activated flux creep [33, 45,
46]. The performance of the Ag/Bi-2212 wires at temperatures above 60K is very sensitive
to the actual value of Tc. The critical temperature of the two developmental Ag/Bi-2212
wires is well above 80K. The highest jc values at 4.2K in high magnetic fields are typically
achieved in overdoped Ag/Bi-2212 wires with an excess of oxygen as compared to the
content leading to the optimum critical temperature.
Critical current densities, which have been achieved in Ag/Bi-2212 conductors at 4.2K,

are listed in Table 15.1 [24, 26, 32, 47–57]. In wires as well as tapes, critical current den-
sities of 4000A/mm2 have been reached at 4.2K without applied field. In round wires,
engineering critical current densities of 448 A∕mm2 have been obtained at 4.2K even in a
field of 25 T.
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Figure 15.7 shows the critical current densities of various Ag/Bi-2212 conductors at
4.2K as a function of applied magnetic field [24, 27, 32, 50, 52]. For textured Ag/Bi-2212
tapes, the jc for fields parallel to the broad face of the tape (B||ab) is higher than for per-
pendicular fields (B||c). The results of Marken et al. [50] (see Figure 15.7) indicate that
the ratio of jc(4.2 K, 20 T ||ab) to jc(4.2 K, 20 T ||c) is ≈1.65. This moderate anisotropy
of jc with respect to the field direction is not expected to be a problem for high-field insert
coils.
The feasibility of manufacturing Rutherford cables with round Bi-2212 wires was suc-

cessfully demonstrated by Hasegawa et al. [49]. A two-stage Rutherford cable was made
of ten 1 × 6 cables. In the first-stage cable, a dispersion-strengthened silver-alloy core,
used for reinforcement, is surrounded by six AgMgSb/Bi-2212 wires. A critical current of
9.5 kA was achieved in this Rutherford cable at 4.2K without applied field. The improve-
ment of the performance of Bi-2212 conductors is ongoing. Very recently, critical current
densities of ≈105 A∕cm2 at 4.2K and 45 T have been reported [58].

15.2.3 Ag/Bi-2223 Tapes

The development of Ag/Bi-2223 tapes started with the pioneering work of Hikata et al.
[8] in 1990. Bi-2223 tapes were the first HTS manufactured on an industrial scale in
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Table 15.1 Critical current densities of Ag/Bi-2212 conductors at 4.2 K

Conductor type B (T) jc (A/mm2) je (A/mm2) Comments Reference

PIT wire 0 2490 858 d=0.95 mm [47]
121× 7 filaments

PIT wire 0 2750 1937 d=0.74 mm [48]
55×7 filaments

PIT wire 0 5000 1042 d=0.81 mm [49]
61×7 filaments

Ag:Bi-2212=3.8:1
PIT wire 0 4000 1025 d=0.81 mm [49]

61×7 filaments
Ag:Bi-2212=2.9:1

PIT wire 18 1080 312 d=0.8 mm [50]
91×7 filaments

PIT wire 0 1313 716 d=0.787 mm [26]
928 filaments

PIT wire 25 380 [51]
PIT wire 0 692 d=0.8 mm [32]

19 215 521 filaments
PIT wire 0 1330 d=0.8 mm [52]

25 448 85×7 filaments
PIT tape 0 2150 650 6 mm×0.2 mm [53]
PAIR tapea 10 || ab 4000 ≈4 mm width [54]
PAIR tapea 10 || ab 3200 2.5–3.5 mm width [55]
Tapeb 0 2500 2×3.5 μm Bi-2212 [56]

on 50 μm thick Ag
PAIR tape 1 || c 2190 Bi-2212 core of [57]

80 μm thickness
PIT tape 10 || ab 300 Double core tape [24]

140 μm thickness
Tape 0 4107 Dip-coating [52]

a PAIR process: pre-annealing and intermediate rolling process.
b MgO doped Bi-2212 electrolytic deposition on silver.

kilometer lengths (American Superconductor Corporation (AMSC), European Advanced
Superconductors (EAS), and Sumitomo Electric Industries (SEI)). AMSC and EAS have
stopped the production of Ag/Bi-2223 tapes and focused their research and development
activities on RE-123 (RE: Y or another rare earth element) coated conductors (see Section
15.3.4), while SEI continued to fabricate Ag/Bi-2223 tapes with excellent properties.
An overview of the early activities to develop Ag/Bi-2223 tapes can be found in Ref.

[33]. In this section, only some aspects of the early research and development activities will
be presented. Ag/Bi-2223 tapes are typically manufactured by the powder-in-tube method.
The manufacture of developmental Ag/Bi-2223 tapes described by Grasso et al. [59] is
as follows. The Bi1.72Pb0.34Sr1.83Ca1.97Cu3.13Ox powder is filled into Ag tubes, and the
composite is swaged and drawn to a wire with a final diameter between 1 and 2mm. In
contrast to the manufacture of Ag/Bi-2212 wires and tapes, the Bi-2223 powder is not
fully reacted before filling. The powder with the above-mentioned overall composition is
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Figure 15.7 Critical current density of various Ag/Bi-2212 conductors at 4.2 K versus mag-
netic field (results from [24, 27, 32, 50, 52])

in fact a mixture of (Bi,Pb)-2212, Ca2PbO4, and CuO. Thewire is rolled in steps with≈10%
thickness reduction per pass to a tape of ≈0.1 mm thickness. In an intermediate heat treat-
ment at 837 ∘C in air (Bi,Pb)-2223 is formed. Due to the rolling process and the following
heat treatment, the (Bi,Pb)-2223 crystallites grow in such a way that their crystallographic
c-axis is almost perpendicular to the broad face of the tape. In a further rolling step, the
tape thickness is reduced by around 15%, leading to a further enhanced core density. Some
microcracks, formed by this final rolling step, need to be filled by a final heat treatment for
200 h at 837 ∘C. It is of crucial importance that, at the beginning of this final heat treatment,
some unreacted (Bi,Pb)-2212, CaPbO4, and CuO are present, which are able to form a liq-
uid that fills the microcracks. The final heat treatment converts the (Bi,Pb)-2212 and the
minor phases nearly completely to the desired (Bi,Pb)-2223 phase. The two-dimensional
growth of the plate-like (Bi,Pb)-2223 grains, which is limited by the Bi-2223/Ag interface,
further improves the c-axis texture.
In the case of multifilament tapes, the composites are swaged and drawn into hexago-

nally shaped wires, which are stacked in a further silver tube. This in turn is deformed by
swaging, drawing, and rolling to a tape of 0.2–0.25mm thickness.
Again an intermediate heat treatment is followed by a further rolling step and a final heat

treatment. Grasso et al. [59] achieved critical current densities of 34 500A/cm2 (monocore
tape) and 28 000A/cm2 (multifilament tape) at 77K without applied magnetic field. The jc
is defined by a 1 μV/cm criterion.
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The formation of the Bi-2223 phase is difficult without partial substitution of lead for
bismuth. Lead substitution leads to an accelerated formation of the Bi-2223 phase. As a
consequence, all initial powders used for the manufacture of Ag/Bi-2223 tapes contain
0.3–0.41 of lead [33]. Merchant et al. [60] studied the effect of lead substitution on the
critical current density of Ag/Bi1.8PbxSr1.98Ca1.97Cu3.08O10+𝛿 monocore tapes. They found
the highest jc values for x = 0.3, close to the values quoted above. The bismuth content of
the initial powders for tape manufacture is between 1.72 and 2 [33]. Thus the total content
of Bi and Pb is in general slightly larger than 2. The selected values of the Sr content are
between 1.78 and 2.01, while the Ca content is in the range of 1.9–2.2 [33]. In most of the
initial powders used for tapemanufacture, the Sr content is reduced, whereas the Ca content
is increased as compared to the cation ratio of 2:2:2:3 in the stoichiometric composition. In
general, the selected copper content is close to the stoichiometric value of 3. The reported
values of the copper content are in the range of 3–3.13 [33].
Penny et al. [61] investigated the effect of the heat-treatment atmosphere on the critical

current density. They heat-treated Ag/Bi-2223 tapes in atmospheres with oxygen partial
pressures of 0.04, 0.075, and 0.21 bar. Their results indicate that the achievable jc at 77K
without applied magnetic field is nearly independent of the oxygen partial pressure. How-
ever, the optimum total annealing time at an oxygen partial pressure of 0.04 bar is four
times shorter than in air. The heat treatments of Ag/Bi-2223 tapes are typically performed
in air or at a reduced oxygen partial pressure between 0.07 and 0.1 bar (7–10%O2 balanced
by Ar or N2) [33]. The quoted values of the heat treatment times are between 100 and 240 h
at temperatures in the range of 820–840 ∘C.
Next, some parameters limiting the critical current density of Ag/Bi-2223 tapes are

briefly discussed. A first aspect of importance is the degree of the c-axis texture. In
high-quality Ag/Bi-2223 tapes, the crystallographic c-axis is within ±10∘ of perpendicular
to the broad face of the tapes. The degree of this c-axis texture can be determined from
the full-width at half-maximum of X-ray rocking curves of major (0 0 l) reflections (e.g.,
(0 010), (0 0 12), (0 014) reflections). In Figure 15.8, the measurement of a rocking curve is
illustrated. The Bragg condition for the (0 0 l) plane is fulfilled for the angle 2𝜃00l between
the incident and the diffracted beams. For the measurement of the rocking curve, the angle
between the incident and the diffracted beam is kept constant, while the angle 𝜔 between
the incident beam and the sample surface is varied by rotating the sample under test. The
intensity of the diffracted beam as a function of 𝜔 provides the rocking curve for the (0 0 l)
reflection in question. For grains 1 and 2, the c-axis is exactly perpendicular to the surface
of the Bi-2223 filament and the Bragg condition is fulfilled for 𝜔 = 𝜃00l, while for grain 3
the c-axis is slightly tilted to the surface normal, and hence the Bragg reflection can occur
for 𝜔 ≠ 𝜃00l (see Figure 15.8). The full-width at half-maximum (FWHM) of the rocking
curve, therefore, provides the typical misalignment angle.
Another way to determine the typical misalignment angle between the crystallographic

c-axis of the grains and the surface normal was described by Hensel et al. [62]. At 77K,
the critical current density of textured Bi-2223 is highly anisotropic with respect to the
direction of the applied magnetic field. For a magnetic field parallel to the c-axis (𝛼 = 0∘
see inset of Figure 15.9), jc declines very rapidly, whereas forB⊥c (𝛼 = 90∘) the decrease in
jc with increasing field is much less pronounced. It was found that the jc of textured Bi-2223
films is limited by the perpendicular field component B cos 𝛼. The results of Hensel et al.
[62], presented in Figure 15.9, show that the Ic data for different magnetic fields collapse
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Figure 15.8 Sketch of the measurement of a rocking curve (𝜔 scan). The angle 2𝜃00l between
the incident and the diffracted beam is kept constant, while the angle 𝜔 is varied by rotating
the investigated sample. For grains 1 and 2, the c-axis is exactly perpendicular to the sample
surface and hence Bragg reflection occurs for 𝜔= 𝜃00l. In the case of grain 3, the c-axis is at a
slight angle to the surface normal. Thus Bragg reflection is possible for 𝜔≠ 𝜃00l (adapted from
[33])

as expected onto a common Ic versus B cos 𝛼 curve. The deviations of the Ic data from this
common curve at 𝛼 values close to 90∘ originate from themisalignments of the c-axes of the
individual grains. The intercepts of the plateau values with the common Ic(B cos 𝛼) curve
at 𝛼 ≈ 80∘ suggest that the typical misalignment angle is around 10∘, which is in good
agreement with the FWHM values of 11–14∘ of the X-ray rocking curves of the 0010,
0012, and 0014 reflections [62].
In textured Ag/Bi-2223 tapes, there exist colonies of plate-like Bi-2223 grains with

10–20 μm extension in the ab (CuO2) plane and a thickness of only 1–2 μm along the
crystallographic c-axis. In general, the ab planes of the grains are aligned parallel to the
Ag/Bi-2223 interface. Colonies of very thin plate-like grains, in which the grains are rotated
around a common c-axis, were found to be an important microstructural feature in the
Bi-2223 filaments [63]. Li et al. [64] found that c-axis twist boundaries in Bi-2212 are
strong links for the current flow irrespective of the twist angle, and allow the current to flow
along the c direction within a single colony. On the other hand, amorphous phases present at
the twist grain boundaries between adjacent colonies suggest that they are weakly coupled
along the c direction. Small-angle grain boundaries between two grains of adjacent colonies
in the ab plane facilitate current flow parallel to the CuO2 planes [65]. As a consequence
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Figure 15.9 Critical current versus the field component B cos 𝛼 || c. The deviations from
the common Ic(B cos𝛼) curve originate from the small misalignments of the individual grains
(adapted from [62])

of the combination of current transport across c-axis twist boundaries within single grain
colonies, and current flow parallel to the CuO2 planes via strongly coupled small angle
grain boundaries between some grains of neighboring grain colonies, the c-axis texture is
sufficient to reach high transport critical current densities in Ag/Bi-2223 tapes. This unique
property of bismuth-based superconductors originates from the weak chemical bonding of
the BiO double layers causing the observed colony structure.
The achievable critical current density depends also on the properties of the initial pow-

ders used for the manufacture of the Ag/Bi-2223 tapes. A requirement to reach high jc val-
ues in Ag/Bi-2223 tapes is a residual carbon content of the initial powders as low as possi-
ble. For example, an increase in the residual carbon content from 0.034 to 0.057wt% in the
initial powder was found to reduce the jc of Ag/Bi-2223 tapes from 16 000 to 7000A/cm2

at 77K at zero field [66]. The CO2 formed during the heat treatment may lead to the for-
mation of voids in the ceramic core of Ag/Bi-2223 tapes. Furthermore, the residual carbon
seems to be involved in the formation of secondary phases [66, 67]. Sources of the resid-
ual carbon content are the incomplete decomposition of SrCO3 and CaCO3, or extended
milling of the powders in air leading to some uptake of CO2. The carbon content of the
initial powders can be reduced by heat treatment in oxygen or under vacuum. Moreover
the powders may be handled in a glove box filled with an inert gas.
Another aspect of importance is the average particle size in the precursor powder,

which affects their reactivity. Kim et al. [68] studied the effect of particle size in
Bi1.89Pb0.41Sr2.01Ca2.23Cu3.03Ox on the critical current density of Ag/Bi-2223 tapes at
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77K and Ba = 0. The average particle size of 5.5 μm obtained after calcination was
reduced to values as small as 1.5 μm by means of a planetary ball mill. Moisture and CO2
taken up during extended milling was removed by an additional heat treatment at 738 ∘C
for 1 h in 8mbar oxygen. The jc of Ag/Bi-2223 tapes prepared from precursor powders
with average particle sizes in the range 1.5–5.5 μm showed a pronounced maximum
(≈ 19 000 A∕cm2) for a particle size of ≈2.8 μm. The use of powders with a larger particle
size of 5.5 μm led to a jc of only ≈9000 A∕cm2, while for the smallest particle size of
1.5 μm the achieved jc was as small as 3000A/cm2. For the precursor powder with the
optimum particle size, the reactivity is better than for a larger particle size. On the other
hand, very small particles are amorphous, which seems to be unfavorable for the formation
of the Bi-2223 phase.
The achievable critical current densities in Ag/Bi-2223 tapes depend strongly on the

deformation process. Intermediate rolling steps enhance the density of the Bi-2223 fil-
aments. On the other hand, they introduce cracks into the filaments. The main parame-
ters for the rolling process are the roller diameter DR and the reduction ratio defined as
Rr = (ti − tf )∕ti, where ti and tf are the initial and final tape thicknesses, respectively. The
deformation should be performed in such a way that the powder has enough time to flow
along the tape in order to avoid cracking of the Bi-2223 filaments. Deformation studies by
Zeimetz et al. [69] indicate that for Dr = 234 mm and a rolling speed of 4 cm/s, sausaging
(i.e., a wavy Ag/Bi-2223 interface) can be avoided when Rr is smaller than 30%, 15%, and
10% for tape thicknesses above 0.8, above 0.4, and less than 0.4mm, respectively.
The performance of Ag/Bi-2223 tapes can be significantly improved by means

of high-pressure processing [70–79]. The research and development activities on
high-pressure processing of Bi-2223 tapes performed until 2005 was reviewed in an article
by Hellstrom et al. [70]. The random growth of plate-like (Bi,Pb)-2223 grains from a mix-
ture of (Bi,Pb)-2212, CaPbO4, and CuO leads to expansion of the tapes. In the filaments
of Ag/Bi-2223 tapes, some pores and cracks are present after the first heat treatment at
ambient pressure. To increase the density of the filaments, an intermediate rolling step
is applied. However, this rolling step also introduces some additional microcracks. Even
after the final heat treatment at ambient pressure, some porosity is still present and not all
microcracks formed during intermediate rolling are completely healed. In principle, an
enhanced filament density can be achieved by high-pressure processing performed at up
to 300 bar in an Ar/O2 mixture. The oxygen partial pressure needs to be kept in a range
within which the Bi-2223 phase is stable. The results of Hellstrom et al. [70] indicate
that in ambient pressure as well as in high-pressure synthesis, an intermediate rolling
step is required to reach high critical current densities. The microcracks formed by the
intermediate rolling seem to be beneficial for the conversion of residual Bi-2212 phase to
the desired Bi-2223 phase [70]. They achieved a critical current density of 69 600A/cm2

at 77K and zero applied field by high-pressure processing of already fully heat treated
Ag/Bi-2223 tapes at 148 bar and an oxygen partial pressure in the range of 0.075–0.1 bar.
The increased critical current density of high-pressure processed Ag/Bi-2223 tapes was
attributed to higher filament density, a reduced number of cracks, better homogeneity, and
a reduced content of the undesirable Bi-2212 phase [70]. Investigations of the local jc by
magneto-optical current reconstruction indicate that not only the average jc is improved
but also the highest values of the local jc are increased from 200 000 A∕cm2 in ambient
pressure processed tapes to 300 000 A∕cm2 after high-pressure heat treatment. The fact
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that the maximum local jc is five times higher than the average value of 69 600 A∕cm2

suggests that there exists a large potential for further improvements [70].
For a few years, Sumitomo Electric Industries has been using a controlled high-pressure

process in the industrial manufacturing of Ag/Bi-2223 tapes of kilometer length [73–78].
The tapes are sold under the brand name DI-BSCCO (DI, dynamically innovative).
Figure 15.10 shows the critical current of two Ag/Bi-2223 tapes as a function of magnetic
field parallel to the broad face of the tapes, for various temperatures. The tape with the
higher Ic of 195A at 77K and zero field is 0.24mm thick and 4.25mm wide [76]. The
second tape, with an Ic of only 76A at 77K and zero field, is reinforced by a stainless
steel lamination [77]. The dimensions of the tape including the 0.02mm thick stainless
steel tapes are 2.7mm in width and 0.25mm in thickness. Thus the reinforced Ag/Bi-2223
tape is only 2.5mm wide and 0.18mm thick. The difference in the critical currents mainly
reflects the different superconductor cross-sections. The relative reduction in the critical
current with field and temperature is similar for both tapes. The critical current depends
only weakly on the applied magnetic field at 4.2K, and reaches a value of ≈640 A at
12 T for the unreinforced tape. The dependence of the critical current on magnetic fields
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Figure 15.10 Critical current of two Ag/Bi-2223 tapes versus parallel field for various tem-
peratures. The tape with the higher Ic of 195A (77K, Ba = 0) is 0.24mm thick and 4.25mm
wide [76]. The second tape with an Ic of 76A (77K, Ba =0) is stainless steel laminated [77].
The dimensions of the tape are 2.5mm×0.18mm (without stainless steel lamination). The
difference in the critical currents reflects mostly the different superconductor cross-sections
(results from [76, 77])
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Figure 15.11 Critical current of two Ag/Bi-2223 tapes versus perpendicular field for various
temperatures. The tape with the higher Ic of 195A (77K, Ba =0) is 0.24mm thick and 4.25mm
wide [76]. The second tape with an Ic of 76A (77K, Ba =0) is laminated with stainless steel
[77]. The dimensions of the tape are 2.5mm×0.18mm (without stainless steel lamination).
The data for parallel fields have already been presented in Figure 15.10 (results from [76, 77])

perpendicular to the broad face of these tapes is presented in Figure 15.11. A comparison
with the data in Figure 15.10 indicates that the Ic declines more rapidly in perpendicular
fields, especially at elevated temperatures. The normalized critical currents for parallel and
perpendicular fields are compared in Figure 15.12. For clarity, the data for temperatures
up to 30K are presented in the top panel, and those for higher temperature in the bottom
panel. The data indicate that the anisotropy of Ic with respect to the field direction
increases with increasing temperature. In the design of superconducting magnets to be
manufactured of Ag/Bi-2223 tapes, this anisotropy needs to be carefully considered.
The performance of industrially manufactured Ag/Bi-2223 tapes is still progressing. In

October 2009, a critical current of 236A (77K, zero applied field, 1 μV∕cm criterion)
was achieved in a tape of 4.31mm width and 0.257mm thickness [73]. The corresponding
critical current density is 59 800A/cm2. Recent studies of the current distribution in the
tape cross-section by means of scanning Hall probe magnetic microscopy suggest that in
tapes with an improved current uniformity, critical currents of 300A would be feasible
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Figure 15.12 Comparison of critical currents in the stainless steel laminated Ag/Bi-2223 tape
for fields parallel (solid symbol) and perpendicular (open symbols) to the broad face of the
tapes. The critical currents are normalized to the value of 76A at 77K and Ba = 0. The upper
panel shows the data for temperatures between 4.2 and 30K, while the lower panel provides
the data for the range of 40–77K (results from [77])
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[79]. In commercially available Ag/Bi-2223 tapes of up to 1500m length, critical currents
of 200A (77K, Ba = 0, 4.3 mm × 0.23 mm) have been achieved [80].

15.3 Second-Generation of High-Tc Superconductor Tapes

15.3.1 Introduction

In the Ag/Bi-2223 tapes of the first generation of HTS, a c-axis texture was found to be
sufficient to achieve relatively high critical current densities. As described in the previ-
ous section, the required c-axis texture could be achieved in tapes manufactured by the
powder-in-tube method. The rolling process included in their manufacture tends to align
the Bi-2223 grains in such a way that the crystallographic ab planes are parallel to the
Ag-Bi-2223 interface. For Y-123, a biaxial texture was found to be necessary to overcome
the problem that high-angle grain boundaries act as barriers for the transport current (the
weak-link problem). The difference between a c-axis texture and a biaxial alignment are
schematically illustrated in Figure 15.13. In the case of the c-axis texture (Figure 15.13,
left), the crystallographic c-axis is within a few degrees of perpendicular to the film surface,
whereas the orientation of the crystallographic a-axis is random within the film plane. In
a film with a biaxial alignment, the c-axes of all grains are again perpendicular to the film
surface, while the crystallographic a-axis of the grains is also aligned within the film plane
as illustrated in Figure 15.13 (right).

c-axis texture

Substrate grain boundaries Substrate grain boundaries

a
a

c c

biaxial texture

Figure 15.13 Comparison of c-axis texture (left) and biaxial grain alignment (right). In
the case of the c-axis texture, the crystallographic c-axis of all grains is almost perpendicu-
lar to the film surface as shown for the film cross-section (top left). The crystallographic a-axes
of the grains are randomly oriented within the film surface (bottom left). For the biaxial texture,
the c-axis of all grains is again almost perpendicular to the film surface (top right). In addition,
the crystallographic a-axes of all grains are aligned (bottom right) (adapted from [33])
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15.3.2 Manufacturing Routes for Coated Conductors

The manufacture of RE-123-coated conductors (RE: Y or another rare earth element)
requires biaxial alignment over lengths of several hundred meters. Three different proce-
dures were developed to reach this target. The first of these procedures is ion-beam-assisted
deposition (IBAD), which makes use of the discovery that yttria-stabilized zirconia (YSZ)
can be grown with biaxial alignment on polycrystalline metallic substrates [81–88]. The
growth of biaxially aligned YSZ was demonstrated for nickel [84], stainless steel [85],
and nickel-based alloys (e.g., Hastelloy C-276) [81–83, 86–88]. A sketch of the IBAD
process is presented in Figure 15.14. Argon ions of 1500 eV energy are used to sputter the
YSZ film onto the metallic substrate at a temperature of 130 ∘C. The biaxial alignment
originates from the use of an assisting Ar/O ion beam of 250 eV energy, at an angle of
35.3∘ to the substrate surface, and parallel to the [1 1 1] direction of the growing YSZ film.
YSZ grains with other orientations are sputtered away by the assisting beam. As illustrated
in Figure 15.14 (right), the [0 0 1] direction of the YSZ buffer layer is perpendicular to
the film surface. A CeO2 buffer layer, epitaxially grown onto the YSZ film, improves
the matching of the lattice parameters of substrate and Y-123 [84]. The final Y-123 film
can be deposited by pulsed laser deposition, electron beam evaporation, or chemical
vapor deposition. Pulsed laser deposition is typically performed at an oxygen pressure
of 400mbar and a substrate temperature in the range of 700–800 ∘C. The degree of the
in-plane alignment can be checked by X-ray ϕ-scans for selected Bragg peaks. For the
YSZ (1 1 3) as well as the Y-123 (1 0 3) peaks, the in-plane alignment leads to four strong
reflections separated by 90∘. For a full-width at half-maximum of 7∘of the Y-123 (1 0 3)
peak, critical current densities of 106 A∕cm2 (77 K, Ba = 0) were achieved [85].
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Figure 15.14 Sketch of ion-beam-assisted deposition (IBAD). A biaxially textured YSZ film is
deposited by means of an assisting ion beam onto a polycrystalline metallic substrate. The YSZ
film grows in such a way that the [111] direction is parallel to the assisting ion beam (adapted
from [33, 85, 88])
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Figure 15.15 Sketch of inclined substrate deposition (adapted from [89]). For inclination
angles 𝛼 of 35∘ and 55∘ a good biaxial texture of the MgO film was found. The crystallographic
c direction of the MgO film is tilted to the surface normal by the angle 𝛽. Film sequences
presented in [93] and [95] are shown on top right and bottom right, respectively

A process closely related to IBAD is inclined substrate deposition (ISD) [89–95], shown
in Figure 15.15. In contrast to the IBAD process, no assisting beam is required. The surface
normal of the substrate is inclined at an angle 𝛼 to the direction of evaporation. The biax-
ially textured MgO film is deposited by electron beam evaporation. The crystallographic
c direction of the MgO film is tilted at an angle 𝛽 to the normal to the film. Due to the
inclination of the substrate, the MgO surface has a roof-tile structure. In order to reduce
the surface roughness, a homoepitaxial MgO film is deposited on top of the ISD MgO film
by pulsed layer deposition (PLD). Inclination angles 𝛼 of 35∘ and 55∘ were found to pro-
vide the best in- and out-of-plane alignment of the MgO films [89]. The film sequences
presented in Refs. [93, 95] are shown in Figure 15.15 (right).
The third way to prepare Y-123-coated conductors is the RABiTS (Rolling Assisted

Biaxially Textured Substrate) process, which is based on the use of biaxially textured nickel
substrates [88, 96–100]. The biaxial texture of the nickel substrates can be obtained by 90%
reduction in the tape cross-section by means of cold rolling and subsequent annealing at
temperatures of 400–1000 ∘C. The process leads to a texture of the nickel tape with the
[1 0 0] direction parallel to the rolling direction and a (1 0 0) surface formed in the rolling
plane [33, 96, 97]. In copper, such a cube texture can also be very easily obtained. However,
the oxidation resistance of biaxially textured nickel or Ni–W alloys is much higher than that
of copper, and hence the use of nickel or Ni–W alloys is preferred for the manufacturing of
Y-123-coated conductors. A sketch of the preparation of cube-textured nickel, and a pos-
sible film sequence in a RABiTS Y-123-coated conductor are presented in Figure 15.16.
Without the use of an assisting beam, a thin CeO2 film can be epitaxially grown onto the
metallic nickel substrate. In order to avoid oxidation of the nickel, the deposition of the
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Figure 15.16 Sketch of the RABiTS process. On cube-textured Ni (1 0 0) tapes, obtained
by rolling and subsequent annealing, CeO2 and YSZ buffer layers are grown epitaxially. The
Y-123 film is deposited onto the YSZ buffer layer. For all deposited films and the nickel tape,
the crystallographic c direction is perpendicular to the surface (adapted from [33, 88, 100])

CeO2 film is performed in a mixture of 4% hydrogen and 96% argon [98, 100]. An addi-
tional buffer layer of YSZ is deposited onto the CeO2 buffer layer. These layers hinder the
diffusion of nickel into the Y-123 film, which would degrade its superconductor properties.
In addition, buffer layers can be used to reduce the mismatch of the lattice parameters of the
biaxially textured substrate and the Y-123 film. The use of several buffer layers may reduce
the surface roughness of the substrate, and contribute to an improved biaxial alignment of
the epitaxially grown Y-123 film. Even in the early days of coated conductor development,
critical current densities as high as 7 × 105 A∕cm2 (77 K, Ba = 0) were achieved with a
Ni/CeO2/YSZ architecture [100].
All the three described procedures aim to provide a biaxially textured buffer suitable

as a substrate for the epitaxial growth of RE-123 (RE: Y or another rare earth element).
Due to the absence of high-angle grain boundaries in the biaxially aligned Y-123 films, no
weak links are present, and high transport critical current densities can be achieved in the
superconducting layer. Various options for the type, sequence, and number of buffer layers
described in the literature are presented in Table 15.2 [81, 83–87, 89, 91, 94, 97, 99–125].
For the ISD process, the nontextured metallic substrate is typically Hastelloy C 276. MgO
can be grown with a biaxial texture onto the Hastelloy substrates for angles of 25–35∘
and 55∘ between the direction of evaporation and the normal to the substrate. The MgO
film is deposited by electron beam evaporation at a substrate temperature between 20 ∘C
and 50 ∘C [89]. In order to reduce the surface roughness, an additional MgO film may be
deposited by homoepitaxy (direction of evaporation parallel to the substrate normal) on top
of the biaxially textured ISD MgO film. Biaxially textured Y-123 or Dy-123 films can be
grown directly on the MgO layer [89, 94]. The RE-123 film is typically deposited by PLD
at substrate temperatures in the 700–800 ∘C range. Uprety et al. deposited an additional
buffer layer of SrRuO3 on top of the MgO layer by PLD [91]. The mismatch of the lattice
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Table 15.2 Buffer layer architectures used for the preparation of coated conductors (𝛼,
inclination of evaporation direction to surface normal; Ts, substrate temperature; pO, oxygen
partial pressure; ISD, inclined substrate deposition; IBAD, ion-beam-assisted deposition;
RABiTS, rolling-assisted biaxially textured substrate; PLD, pulsed laser deposition, dr,
deposition rate, MOD, metal-organic deposition)a

Sequence of layers Process Comments Reference

Y-123/MgO/Hastelloy C ISD 𝛼 =30∘
or 𝛼= 55∘

Mechanically polished Hastelloy
e-beam evaporation of MgO
dr = 2–5 nm/s Ts = 20–50 ∘C
PLD of Y-123 film at Ts =760 ∘C
pO ≈130–400 mbar

[89]

Y-123/SrRuO3/MgO/
Hastelloy C276

ISD 𝛼 =35∘
or 𝛼= 55∘

e-beam evaporation of MgO
PLD SrRuO3, Ts = 700–800 ∘C
PLD Y-123, Ts = 700–800 ∘C
pO ≈130–400 mbar Annealing at

450 ∘C, pO ≈ 1bar

[91]

Dy-123/MgO/Hastelloy
C276

ISD
𝛼 =25–30∘

Electropolished and cleaned
Hastelloy C276

e-beam evaporation of MgO
Ts =400 ∘C, dr > 4 nm/s MgO

thickness of 3 μm+ 200 nm
homo-epitaxial MgO cap layer
e-beam evaporation of Dy-123

[94]

Y-123/CeO2/Ag/Pd/Ni
Y-123/YSZ/CeO2/Pd/
Ni

RABiTS [97]

Y-123/CeO2/Pd/Ni RABiTS Ultrasonically cleaned Ni e-beam
deposition of Pd

Ts =100–500 ∘C, p≤10−6 mbar
dr =0.5–1 nm/s

[99]

Y-123/YSZ/CeO2/Ni RABiTS 4% H2/96% Ar p≈1.3 mbar
Ni annealed at 700 ∘C for 1 h
e-beam deposition of CeO2
Ts =600 ∘C, p= 10−6 mbar
dr = 0.1 nm/s, <10 nm thick
e-beam deposition of YSZ 4%

H2/96% Ar p≈1.3 mbar
CeO2/Ni annealed at 700 ∘C for 1 h
Ts =650–750 ∘C, p=2×10−5 mbar
dr =0.1 nm/s, 50–150 nm thick

[99]

Y-123/YSZ/CeO2/Ni RABiTS Sputtering of CeO2 in Ar/4% H2
10–30 nm thick thereafter
deposition in Ar/10% O2
Ts =650–750 ∘C

YSZ deposition at 780 ∘C Ar/10% O2
or Ar/4% H2 PLD of Y-123

[100]

(continued overleaf )
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Table 15.2 (continued)

Sequence of layers Process Comments Reference

Y-123/CeO2/YSZ/
CeO2/Ni

RABiTS Reel-to-reel process [104]

Y-123/LaNiO3/Ni RABiTS Annealing of Ni tape at 900 ∘C for
1–4 h in 1 bar Ar/4% H2

Deposition of LaNiO3, Ts =400 ∘C
dr = 0.01–0.2 nm/s, 400 nm thick
Ar/4% H2 sputtering gas

PLD of Y-123, Ts =740–780 ∘C
pO ≈250 mbar

[102]

Y-123/YSZ/Ni RABiTS Cold rolled Ni tapes (50 μm thick)
Annealing at 800–1000 ∘C, 1 h,
2.7× 10−6 mbar in Ta envelopeb

YSZ deposition, 2.7× 10−6 mbar
Ts =800 ∘C Y-123 deposition,
Ts =750 ∘C pO = 270 mbar

[114]

Y-123/CeO2/Ni-5% Wc RABiTS PLD of CeO2 and Y-123 [105]

Y-123/LaMnO3/Ni-3%
Wc

RABiTS Magnetron sputtering of LaMnO3
Ts =575–625 ∘C, 4 mbar Ar/4%
H2 +2.7–6.7× 10−5 mbar H2O

PLD Y-123, Ts =780 ∘C,
pO = 160 mbar, 5 ∘C/min→ 500 ∘C
Ts <500 ∘C, pO = 730 mbar

[103]

Y-123/CeO2/YSZ/Y2O3/
Ni-5% Wc 50 nm Y2O3
300 nm YSZ 30 nm
CeO2 1.2 μm Y-123

RABiTS Ni-W tape 10 mm wide 75 μm thick
Reel-to-reel deposition of epitaxial

buffer layers e-beam evaporation
of Y2O3

Sputtering deposition of YSZ CeO2
MOD of Y-123d in H2O/O2 at

Ts <400 ∘C

[101]

Y-123/(La,Sr)TiO3/TiN/
Ni-3% Wc 0.2 μm TiN
0.6–1.2 μm (La,Sr)TiO3

RABiTS PLD TiN layer, Ts =650 ∘C in 1.3×
10−4 mbar N2

PLD (La,Sr)TiO3 layer, Ts =750 ∘C in
vacuum

PLD Y-123, Ts =780 ∘C,
pO = 0.13 mbar

[111]

Y-123/CeO2/Ni-5% Wc

80 μm Ni-W
80–100 nm CeO2 1 μm
Y-123 Ag cap layer

RABiTS Ni-W recrystallization at 700 ∘C in
10 mbar Ar/5% H2

e e-beam or
thermal evaporation of CeO2,
Ts ∼690 ∘C, dr = 0.25 nm/s, 5×
10−5 mbar Ar/5% H2

Y-123, thermal co-evaporation,
Ts =750 ∘C, dr = 0.25 nm/s,
pO = 7× 10−5 mbar 0.5 h
annealing in pO =500 mbar

[106]
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Table 15.2 (continued)

Sequence of layers Process Comments Reference

Nd-123/CeO2/YSZ/
Y2O3/Ni-3%W
Ni-W 50 μm
Y2O3 50 nm
YSZ 200 nm
CeO2 30 nm

RABiTS Deposition of Nd-123 by PLD
Ts =760 ∘C, 1% O/Ar gas
p≈ 1060 mbar, in situ annealing at

500 ∘C, pO = 665 mbar
Ex situ annealing at 450 ∘C for 1 h in

flowing O2

[107]

Ag/Y-123/CeO2/YSZ/
Y2O3/Ni-W

Ag 1 μm, Y-123∼ 1 μm,
CeO2 75 nm, YSZ
75 nm, Y2O3 75 nm,
Ni-W 50–75 μm

RABiTS The three buffer layers were
deposited by reactive sputtering

MOD of the Y-123 film
Cap layer of silver
Y-123 tape industrially fabricated by

AMSCf

[108]

Y-123/CeO2/YSZ/Y2O3/
Ni-alloy

RABiTS Typical architecture of RABiTS
Y-123 tapes

[109]

Y-123/Gd2Zr2O7/Ni-5%
W

RABiTS Deposition of Gd2Zr2O7 by PLD
Ts =750 ∘C, 5% H2/Ar, p=3.6×

10−2 mbar
Further deposition of Gd2Zr2O7
pO =3.3× 10−4 mbar
Deposition of Y-123 by PLD
Ts =810 ∘C, pO =0.3 mbar
pO =400 mbar during cool-down

[110]

Y-123/YSZ/Hastelloy
C276

YSZ 0.35–0.7 μm
Y-123 1 μm

IBAD IBAD YSZ, 300 eV assisting O+Ar
beam 30–60∘ tilted to substrate
normal Ts =100 ∘C, dr =0.05 nm/s

PLD of Y-123, Ts = 700 ∘C,
pO =266 mbar

[81]

Y-123/Ag/YSZ/Hastelloy
C276

IBAD IBAD YSZ, CVD of Y-123 [83]

Y-123/CeO2/YSZ/Ni
YSZ 0.6–0.8 μm

IBAD IBAD YSZ, 250 eV assisting beam
PLD of CeO2 and Y-123

[84]

Y-123/YSZ/stainless steel
YSZ 0.6–3 μm
Y-123 0.3 μm

IBAD IBAD YSZ, 300 eV Ar+O beam
55∘ tilted to substrate normal
Ts ≤130 ∘C, dr = 0.17 nm/s
Deposition of Y-123 at Ts =785 ∘C
Ar:O2 = 1:1, p=0.2 mbar

[85]

Y-123/CeO2/YSZ/Ni
alloy

CeO2 200 nm

IBAD IBAD YSZ [86]

Y-123/YSZ/Ni-alloy IBAD IBAD YSZ, Ar or O beam 30–60∘
tilted to substrate normal

[87]

(continued overleaf )
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Table 15.2 (continued)

Sequence of layers Process Comments Reference

Y-123/SrTiO3/MgO/
Hastelloy C276
SrTiO3 ≤360 nm
Y-123 1.5 μm

IBAD IBAD-MgO
SrTiO3 deposition, Ts =820 ∘C,
pO =400 mbar, Y-123 deposition
Ts = 760 ∘C, pO =270 mbar

[115]

MgO/amorphous
substrate

IBAD IBAD-MgO, PLD of MgO
Assisting Ar/O2 beam (800 eV) 45∘

tilted to substrate normal

[116]

TiN/amorphous substrate IBAD IBAD TiN, PLD of TiN
Assisting Ar/N2 beam (800 eV)
dr =0.1 nm/s, p= 8× 10−4 mbar

[116]

Ag/Y-123/CeO2/
Gd2Zr2O7/Hastelloy
C276

Ag cap layer 20 μm thick

IBAD IBAD Gd2Zr2O7, production speed
0.5–1 m/h, reel-to-reel process

Assisting Ar+ beam 200 eV 55∘ tilted
to surface normal

PLD of CeO2 (Ts =400–600 ∘C) and
Y-123 (Ts = 900–1000 ∘C)

[112]

RE-123/CeO2/Gd2Zr2O7/
metal

RE-123 films 0.25–2 μm

IBAD IBAD Gd2Zr2O7/PLD CeO2
PLD of RE-123 films

[117]

Y-123/CeO2/YSZ (1 0 0)
single crystal

IBAD Deposition of CeO2 by the sol–gel
method, MOD of Y-123

[118]

Y-123 or Gd-123/CeO2/
Gd2Zr2O7/Hastelloy

IBAD IBAD Gd2Zr2O7/PLD CeO2
PLD of Y-123 or Gd-123

[119]

Y-123/CeO2/YSZ/
stainless steel

YSZ 4 μm thick
CeO2 10–30 nm thick

IBAD IBAD YSZ
MOD of CeO2
MOD of Y-123 starting from

trifluoroacetates

[120]

Gd-123/CeO2/Gd2Zr2O7/
Hastelloy

Gd2Zr2O7 0.8 μm
CeO2 0.4 μm

IBAD IBAD Gd2Zr2O7/PLD CeO2
PLD of Gd-123 at Ts = 800–850 ∘C

pO = 800 mbar

[121]

(Y,Sm)-123/LaMnO3/
MgO/metal

IBAD IBAD-MgO, deposition of
homo-epitaxial MgO by
magnetron sputtering, LaMnO3
deposition by magnetron
sputtering MOCVDg of (Y,Sm)-123

[122]

Sm-123/LaMnO3/homo-
epitaxial/MgO/
IBAD-MgO/Y2O3/
Al2O3/Hastelloy

IBAD e-beam evaporation of Al2O3 and
Y2O3 at ambient temperature

IBAD of MgO< 10 nm, e-beam
evaporation of 50 nm
homo-epitaxial MgO at
Ts =450 ∘C

[123]
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Table 15.2 (continued)

Sequence of layers Process Comments Reference

PLD of LaMnO3 at Ts =650–800 ∘C
pO =13–800 mbar, evaporation of

Sm, Ba, Cu, Sm-123 formation at
Ts =700–750 ∘C,
pO =6.7–26 mbar

[123]

Y-123/LaMnO3/
IBAD-MgO/metal

Y-123 0.8 μm thick

IBAD IBAD-MgO, MOCVDg of Y-123
Tetramethyl heptanedionate

precursor solutions of Y, Ba, Cu
Spraying of mixture+O2 and Ar on

substrate at Ts =920–960 ∘C

[124]

Gd-123/CeO2/LaMnO3/
IBAD-MgO/Gd2Zr2O7/
Hastelloy

IBAD Gd2Zr2O7 deposition by ion beam
sputtering, Ts ∼ 20 ∘C, IBAD-MgO

Ts ∼20 ∘C, sputtering of LaMnO3
onto IBAD-MgO, PLD of CeO2

Ts =600–900 ∘C, PLD of Gd-123

[125]

Gd-123/CeO2/IBAD-
MgO/Y2O3/Al2O3/
Ni-alloy

Al2O3 150 nm
Y2O3 20 nm
Gd-123 1 or 3.7 μm

IBAD Ion beam sputtering of Al2O3 and
Y2O3, IBAD-MgO at Ts =20 ∘C
assisting 800–1200 eV Ar+ ion
beam, 45∘ tilted to surface normal

PLD of Gd-123

[113]

Y-123/LaMnO3/IBAD-
MgO/Nucleation
layer/Ni alloy

IBAD Typical architecture of IBAD Y-123
Tapes

[109]

aMOD: more precisely metal-organic decomposition.
bTantalum envelope acts as oxygen getter;
cW content in atom %;
d trifluoroacetate-based precursor;
e0.5 h annealing for nickel oxide removal;
fAmerican Superconductor Corporation;
gMOCVD, metal organic chemical vapor deposition.

parameters of SrRuO3 (a = 0.393 nm (pseudocubic perovskite structure)) and Y-123 (a =
0.389) is smaller than that of MgO (a = 0.421 nm) and Y-123.
First attempts tomanufacture Y-123-coated conductors bymeans of the RABiTS process

were based on the use of cube-textured nickel tapes. Disadvantages of the use of pure
nickel substrates are their magnetism and the relatively low tensile yield strength of 34MPa
at room temperature [101]. In Ni-5 atom% W, a cube texture can also be formed by a
rolling and annealing process. The yield strength of Ni-5 atom% W of 145MPa is around
four times that of pure nickel. In addition, alloying with tungsten reduces the magnetism,
which reduces alternating current losses [101]. Typically, the first buffer layer needs to be
deposited in a reducing atmosphere (e.g., 4%H2 + 96%Ar [99, 100, 102, 103]). Frequently
CeO2 [99, 100, 104–106] or Y2O3 films [101, 107–109] are grown as first buffer layers
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on top of the Ni or Ni alloy metallic substrate. The film sequences Y-123/YSZ/CeO2/Ni
[99, 100], Y-123/CeO2/YSZ/CeO2/Ni [104], RE-123/CeO2/YSZ/Y2O3/Ni alloy [101, 107,
108], and Y-123/Gd2Zr2O7/Ni alloy [110] have been successfully used in RABiTS tapes.
The RE-123 films have been deposited by PLD [100, 102, 103, 107, 110, 111] or metal
organic decomposition (MOD) [101, 108].
The use of an assisting ion beam allows the biaxially textured growth of YSZ,

Gd2Zr2O7, or MgO buffer layers on a polycrystalline metallic substrate (Table 15.2).
YSZ and Gd2Zr2O7 have the disadvantage that, for the evolution of the biaxial tex-
ture, film thicknesses of at least 1 μm are required. In contrast, a biaxial texture is
already fully developed in an IBAD-MgO buffer layer of only 10 nm thickness. For
cost reasons, it would be desirable to have a thin IBAD buffer layer. Examples of
buffer layer sequences used in the IBAD process are Y-123/YSZ/Hastelloy C276 [81],
Y-123/YSZ/stainless steel [85], Y-123/CeO2/Gd2Zr2O7/Hastelloy C276 [112], and
Y-123/CeO2/IBAD-MgO/Y2O3/Al2O3/Ni-alloy [113]. The RE-123 films were deposited
by PLD, MOD, or metal organic chemical vapor deposition (MOCVD).
Good in- and out-of-plane alignment of the buffer layers is required for the architecture of

coated conductors. Furthermore, the topmost buffer layer should allow the epitaxial growth
of the RE-123 film. For industrial manufacture of long, coated conductors, cost reduction
is crucial. Conductor architectures with as few buffer layers as possible are therefore pre-
ferred. Rapid development of the biaxial texture during IBAD is highly desirable. In the
case of IBAD-MgO, a film thickness of 10 nm is sufficient to obtain a biaxial texture. In
general, deposition of the RE-123 film by PLD leads to high performance, but relatively
high production cost. Deposition by an all-chemical solution may significantly reduce the
manufacturing cost but reduce the conductor performance. In Section 15.3.3, the critical
current densities in coated conductors will be considered.

15.3.3 Critical Current Densities of Coated Conductors

Magnet and power applications require high engineering critical current densities of the
order of 100 000A/cm2. In the case of the RE-123-coated conductors (RE: Y or another
rare earth element), the superconducting layer of around 1 μm thickness is only a small
fraction of the total conductor cross-section. The total thickness of a noninsulated coated
conductor including a 40-μm thick copper stabilizer is around 100 μm. Thus the engineer-
ing critical current density je = Ic∕Atot of a coated conductor (where Ic is the critical current,
Atot the total tape cross-section) is only around 1% of the critical current density jc = Ic∕Asc
of a superconducting layer of cross-section Asc. In a comparison of the performance of
NbTi, Nb3Sn, MgB2, Ag/Bi-2212, and Ag/Bi-2223 with that of coated conductors, the
engineering critical current densities need to be considered.
The critical current densities of various RE-123-coated conductors at 77K are presented

in Figure 15.17 [126–129]. The top panel shows the field dependence of the critical current
density up to 8 T, while the bottom panel presents jc data up to only 2 T. The critical current
density at 77K and zero applied field is in the range of 1.2–4 MA∕cm2. A total tape thick-
ness of 100 μm (without electrical insulation), and a RE-123 layer thickness of 1 μm, a jc
of 4MA/cm2 would correspond to an engineering critical current density of 40 000A/cm2.
The critical current densities of the three considered Y-123-coated conductors are consider-
ably different. For example, at a field of 1 T (B||c), the lowest jc is ≈0.16 MA∕cm2 (solid
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line), whereas the highest value is ≈0.35 MA∕cm2 (dash-dot-dot line). In principle, the
critical current density in the RE-123 film is determined not only by the in- and out-of-plane
alignment of the grains, but also by flux pinning. As long as the pinning force exceeds the
Lorentz force acting on the flux lines, no flux motion, which would cause dissipation, will
occur. The pinning force depends on the type and the number of defects present in the
superconducting film. This aspect will be discussed later in more detail.
The data presented in Figure 15.17 suggest that the achievable jc values depend

also on the rare earth element present in the 123 compound. The jc values achieved in
Gd-123-coated conductors are higher than those measured in Y-123 tapes.
For one of the Gd-123 tapes [127], the critical current densities for magnetic fields

applied parallel and perpendicular to the broad face of the tapes are compared in
Figure 15.17. The critical current density at 2 T parallel to the CuO2 (ab) planes reaches
≈0.66 MA∕cm2, while for B||c jc is only ≈0.25 MA∕cm2. This result reflects the
well-known anisotropy of the current-carrying capacity of RE-123 films with respect
to the field direction. The jc (B||c) of the Gd-123 film with ZrO2 additions [126] is
significantly higher than the values measured in Gd-123 films without ZrO2 additions.
Investigations of the microstructure by means of transmission electron microscopy (TEM)
indicated that the addition of ZrO2 led to the self-assembly of BaZrO3 (BZO) nanorods
perpendicular to the film surface. The BZO nanorods act as pinning centers for magnetic
fields applied perpendicular to the film surface (B||c).
Figure 15.18 shows the field dependence of jc of Y-123-coated conductors with and

without BaZrO3 nanorods in magnetic fields up to 31 T [130]. For the Y-123 tape with
BZO nanorods, jc at 4.2K and 30T reaches values of ≈8.3 MA∕cm2 for B||ab and
≈1.4 MA∕cm2 for B||c. These results in a factor of 5.9 for the anisotropy of jc with respect
to the direction of the applied field. For comparison, the anisotropy of jc of Ag/Bi-2223
tapes at 4.2K is less than a factor of 2 at fields above 10 T (Figures 15.10 and 15.11). The
BZO nanorods improve the jc at 4.2K only at fields below 10T parallel to the c direction.
This result suggests that the flux-line pinning by the BZO nanorods is not efficient at
4.2K and fields higher than 10 T. On the other hand, the jc (B||ab) in the film with BZO
nanorods is lower than that achieved in the Y-123 film without added BZO.
For Gd-123 tapes with and without BZO nanorods [131], the field dependence (B||c)

of jc is presented for temperatures of 20, 50, and 65K in Figure 15.18. In the considered
range of fields and temperatures, an improved critical current density was found for the
tapes with added BZO. In general, the field dependence (B||c) becomes more pronounced
at higher temperatures.
In Figure 15.19, the field- and temperature-dependencies of the normalized critical cur-

rent densities of Y-123- [108] and (Gd,Y)-123-coated conductors [132] are presented.
Values have been normalized to jc at 77K and zero applied field for the material in ques-
tion. The data for magnetic fields perpendicular to the broad face of the tapes are shown in
the top panel, while that for parallel fields are indicated in the bottom panel. For simplicity,
the ratio jc(T,B)/jc(77K, 0) will be called the “lift factor.” For fields of more than 0.5 T
perpendicular to the broad face of the tapes the lift factor found for (Gd,Y)-123 tapes is
larger than that obtained for the Y-123 tapes. At the lowest temperatures of 20 and 30K,
and magnetic fields of less than 5.5 and 1.5 T (B||ab), respectively, a higher lift factor was
found for the Y-123 tape.
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Figure 15.17 Critical current density at 77K versus magnetic field of various RE-123 coated
conductors. The top panel provides the jc data up to 8 T, whereas in the bottom panel only the
low field data up to 2 T are presented. The critical current densities at 77K and zero applied
magnetic field range from 1.2 to 4MA/cm2 (results from [126–129])
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Figure 15.18 Critical current density versus magnetic field of Y-123 and Gd-123 coated con-
ductors, with andwithout added BaZrO3. At 4.2 K, the critical current density of Y-123 exceeds
1MA/cm2 at magnetic fields as high as 30 T parallel to the crystallographic c direction. For
fields parallel to the CuO2 (ab) planes, the critical current density at 4.2 K and 30T exceeds
8MA/cm2 for the Y-123 coated conductor with added BaZrO3. The data for Gd-123 in the
temperature range of 20–65K indicate that the decrease in jc with increasing magnetic field
(B || c) is much more pronounced at elevated temperatures (results from [130, 131])

The next aspect to be considered is the dependence of the critical current density on
the angle 𝜃 between the surface normal and the direction of the applied magnetic field.
The angle dependence of jc provides information on flux pinning in coated conductors. In
addition, jc(𝜃) is required for the design of superconducting magnets to be manufactured
of coated conductors. Examples of the angle dependence of the critical current density
of various RE-123-coated conductors are presented in Figure 15.20 [107, 130, 132–135].
In all measurements, a magnetic field of 1 T was applied at temperatures between 75 and
77K. All considered conductors show a pronounced peak of the critical current density at
an angle 𝜃 around 90∘, i.e., B parallel to the CuO2 planes. This originates from intrinsic
pinning. The lowest jc of ≈0.16 MA∕cm2 was found in a Y-123-coated conductor with-
out artificial pinning centers (APC). Because of the absence of APC, no jc maximum exists
around 𝜃 = 0∘. The peak value of jc reached 0.46 MA∕cm2 at 𝜃 = 89∘ [129]. A Y-123 sam-
ple with BaZrO3 addition [130] showed a broad peak at 𝜃 values of around 10

∘. The lowest
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Figure 15.19 Critical current densities of Y-123 and (Gd,Y)-123 coated conductors normal-
ized to the jc at 77K and zero applied field. Especially for magnetic fields applied perpendicular
to the broad face of the tapes (B || c), the normalized critical current density of the (Gd,Y)-123
coated conductor with artificial pinning centers is improved as compared to the Y-123 coated
conductor (results from [108, 132])
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Figure 15.20 Angle dependence of the critical current density of various RE-123 coated con-
ductors at temperatures close to 77K and an applied magnetic field of 1 T. For 𝜃 =0∘, the
magnetic field is perpendicular to the broad face of the tape, i.e., B || c (results from [107, 130,
132–135])

jc values of≈0.28 MA∕cm2 occur at an angle of≈60∘. The maximum jc of≈0.41 MA∕cm2

at 𝜃 ≈ 87∘ is slightly lower than the peak value found for Y-123 without added BaZrO3
[130]. The anisotropy of jc in the Y-123 film with added BaZrO3 is clearly reduced as
compared to the Y-123 without artificial pinning.
In Figure 15.20, the angle dependencies of jc of two (Y,Sm)-123 layers of 0.7 and 2.8 μm

thickness are compared. A broad maximum of jc around 𝜃 = 0∘ exists in both conductors;
however, the intrinsic pinning peak at θ ≈ 90∘ is much higher for the thinner layer of only
0.7 μm thickness.
The most pronounced maximum of jc around 0∘ was found for a (Gd,Y)-123-coated

conductor with BaZrO3 (BZO) APC [132]. The absolutely highest jc values, presented in
Figure 15.20, were measured in a Y-123 film with APC [135]. The jc of this film varied
between 1.2 (𝜃 = 0∘) and 1.9 MA∕cm2 (𝜃 = 90∘). In spite of high performance and low
anisotropy, there exists no maximum of jc around 𝜃 = 0∘. These results suggest that in this
film, flux pinning is improved not only at 𝜃 = 0∘, but for a wide range of angles.
Figure 15.21 shows the angle dependence of jc of a (Gd,Y)-123-coated conductor [132]

at an appliedmagnetic field of 3 T and temperatures of 20, 30, 40, and 50K. The comparison
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Figure 15.21 Angle dependence of the critical current of (Gd,Y)-123 coated conductors of
12mm width at a field of 3 T and temperatures of 20, 30, 40, and 50K. The ratio of the largest
to the lowest jc value depends on temperature. The values of the ratio jc

max/jc
min are 2.22, 2.48,

3.51, and 2.61 for temperatures of 20, 30, 40, and 50K, respectively (results from [132])

of the curves indicates that the peak at 𝜃 = 0∘ is most pronounced at 50K. At the lowest
temperature of 20K, this peak, due to pinning by c-axis-related defects, has completely
vanished.
Next, the angle dependence of jc at high magnetic fields is considered. In Figure 15.22,

the angle dependence of jc of a (Gd,Y)-123-coated conductor at 4.2K and magnetic fields
of 5, 10, 15, and 20 T is presented [136]. The film was doped with 7.5% BaZrO3 in order
to provide better pinning. The intrinsic pinning peak (𝜃 = 90∘) was observed for all con-
sidered magnetic fields. The 4.2K data do not show a significant peak at 𝜃 = 0∘ related to
defects parallel to the crystallographic c-axis. The ratio of jc(90∘)∕jc(0∘) is ≈4, ≈5.7, ≈5.9,
and ≈6.9 at fields of 5, 10, 15, and 20 T, respectively. The results suggest that the APCs are
less efficient at higher fields.
Figure 15.22 also shows jc versus angle of a (Y0.77Gd0.33)Ba1.5Cu3Oy {(Y,Gd)-123)}

film measured at a temperature of 60K and magnetic fields of 5, 9, 13, and 17 T [137]. The
film contained BaZrO3 nanoparticles acting as APCs. The broad peak of jc around 𝜃 = 0∘
is most pronounced for the lowest considered magnetic field of 5 T. This peak becomes less
and less pronounced with increasing magnetic field. For 5 and 9 T, the lowest jc was found
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Figure 15.22 Angular dependence of jc at high magnetic fields and temperatures of 4.2 and
60K. The (Y,Gd)-123 coated conductor shows a broad maximum of jc for 𝜃 ≈0∘ (B || c) at
60K, indicating the presence of defects, parallel to the c direction, acting as pinning centers.
A sharper and higher peak occurs for fields parallel to the ab planes (i.e., 𝜃 = 90∘). The jc data
of (Gd,Y)-123 at 4.2 K show only single peaks at 𝜃 =90∘ (results from [136, 137])

at an angle of ≈80∘, whereas at the highest fields of 13 and 17 T an absolute minimum of
jc was observed near 15∘.
Finally, the microstructure of RE-123 films with APCs will be considered. Figure 15.23

shows a transmission electron micrograph of the cross-section of a Y-123 film, which was
deposited by PLD on a PLD CeO2/IBAD-Gd2Zr2O7/Hastelloy substrate [138]. The Y-123
target, used for the PLD of theY-123 film, contained 2%by volume ofYSZ (Y2O3 +ZrO2).
The transmission electronmicrograph shows parallel BaZrO3 (BZO) nanorods in theY-123
film, which act as pinning centers for fields applied perpendicular to the broad face of
the tape.
Figure 15.24 shows the transmission electron micrograph of the cross-section of a Y-123

film with BZO nanorods [126]. Because the appearance of the BZO nanorods was similar
to that of bamboo, the term “bamboo structure” was coined by Japanese scientists.
Figure 15.25 shows TEM bright-field images of the cross-section of a Y-123 film with a

high density of BZO nanorods, indicated by the tilted arrow (Figure 15.25a). In addition,
small RE2O3 precipitates parallel to the ab planes are present (indicated by a horizontal
arrow). In the plan-view bright-field image presented in Figure 15.25b, the ends of the BZO
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Figure 15.23 Transmission electron micrograph of the cross-section of a Y-123 film with a
large number of BaZrO3 nanorods. The Y-123 film was deposited by pulsed laser deposition
on a PLD CeO2/IBAD-Gd2Zr2O7/Hastelloy substrate. The image shows the CeO2 buffer layer
at the bottom, the Y-123 film in the center, and the silver cap layer on top (Reprinted from
[138] with kind permission from Elsevier B.V.)

Ba-Zr-O bamboo

10 nm

CeO2

Figure 15.24 Transmission electron micrograph of the cross-section of a Y-123 film with BZO
nanorods. Because the appearance of the BZO nanorods was similar to that of bamboo, the
term “bamboo structure” was coined by Japanese scientists. (Reprinted from [126] with kind
permission from Elsevier B.V.)
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Figure 15.25 (a) TEM bright-field image of the cross-section of a Y-123 film with a high
density of BZO nanorods (indicated by the tilted arrow). In addition, small RE2O3 precipi-
tates parallel to the ab planes are present (indicated by a horizontal arrow). (b) Plan view
bright-field image showing the ends of the BZO nanorods, which are parallel to the crys-
tallographic c direction. (c) Magnified image of the BZO nanorods. (Reprinted from [136],
doi: 10.1088/0953-2048/24/3/035001 © IOP Publishing. Reproduced by permission of IOP
Publishing. All rights reserved)

nanorods, which are parallel to the crystallographic c direction, are visible. Figure 15.25c
shows a magnified image of the BZO nanorods [136].

15.3.4 Lengthy Coated Conductors

Power and magnet applications require superconducting wires with lengths of the order
of 1000m and a high, uniform critical current density over the whole wire. In the
previous section, the current-carrying capability of coated conductors has been discussed.
Nowadays, coated conductors several hundred meters long with critical currents of
250A/cm-width at 77K and zero applied field are commercially available. The length
and performance of RE-123-coated conductors are still rapidly advancing [108, 112,
119, 121–123, 126–128, 139–142]. The critical current per unit width can be further
enhanced by the deposition of thicker RE-123 layers. In the last few years, research and
development has aimed at reaching critical current densities in thick films which are as
high as those already obtained in 1 μm films. Feldmann et al. reported a critical current
of 234A/cm-width (75.6K, 1 T) in a Y-123 film of 2 μm thickness [135]. The critical
current density in the Y-123 layer reached a value as high as 5.2MA/cm2 at 75.6K and
zero applied field. Beyond that, they prepared a multilayer film of 1.8 μm total thickness
consisting of three thin Y-123 layers separated by two Y2O3 layers. A critical current of
175A/cm-width (75.6K, 1 T) [135] has been achieved. Another field of intensive research
and development is the introduction of APCs (e.g., BaZrO3 nanorods) into the production
tapes.
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Table 15.3 Milestones in the development of long coated conductors – the critical currents
are typically based on a 1 μV/cm criterion (abbreviations: IBAD – ion-beam-assisted
deposition, PLD – pulsed laser deposition, MOCVD – metal organic chemical vapor
deposition, MOD – metal organic deposition)

Composition L (m) T (K) B (T) Ic (A/cm-width) Comments Reference/Year

Y-123 105 77 0 126 IBAD Gd2Zr2O7 [112]/2005
PLD Y-123

Y-123 212.6 77 0 245 IBAD Gd2Zr2O7 [119]/2006
PLD Y-123

Gd-123 32 77 0 205 IBAD Gd2Zr2O7 [121]/2006
60.7 77 0 183 PLD Gd-123

(Y,Sm)-123 203 77 0 191 IBAD-MgO [122]/2007
MOCVD
(Y,Sm)-123

Y-123 56 77 0 250 IBAD Gd2Zr2O7 [140]/2007
MOD Y-123

Sm-123 27 77 0 305 IBAD-MgO [123]/2008
Cu, Sm, Ba
metal sources

Gd-123 368 77 0 304.8 IBAD Gd2Zr2O7 [126]/2008
PLD Gd-123

Y-123 56 77 0 250 IBAD Gd2Zr2O7 [128]/2008
MOD Y-123

Y-123 595 77 0 173 IBAD-MgO [141]/2008
MOCVD Y-123

Y-123 103 77 0 362 IBAD-MgO [141]/2008
MOCVD Y-123

Ho-123 200 77 0 205 RABiTS [141]/2008
PLD Ho-123

Y-123 94 77 0 350 RABiTS [141]/2008
MOD Y-123

Y-123 100 77 0 253 IBAD YSZ [141]/2008
PLD Y-123

Y-123 203 77 0 93 IBAD Gd2Zr2O7 [141]/2008
MOCVD Y-123

Y-123 56 77 0 250 IBAD Gd2Zr2O7 [141]/2008
MOD Y-123

Gd-123 201.5 77 0 318 IBAD Gd2Zr2O7 [127]/2008
PLD Gd-123

Y-123 212.6 77 0 245 IBAD Gd2Zr2O7 [142]/2008
PLD Y-123

Gd-123 215.6 77 0 220 PLD Gd123
Y-123 200 77 0 250 RABiTS [108]/2009

MOD Y-123
Y-123 500 77 0 ≥250 RABiTS [139]/2010

MOD Y-123
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It appears worthwhile to describe briefly the progress made in the last few years in
the performance of long, coated conductors. In their pioneering work, Iijima et al. [81]
demonstrated as long ago as 1992 that high critical current densities can be achieved in
Y-123 films deposited on polycrystalline nickel alloys with a biaxially textured layer
of YSZ. The biaxial texture in the YSZ buffer layer was obtained by means of IBAD
[81]. Further milestones in the development of long coated conductors are presented in
Table 15.3. In 2005, Y-123-coated conductors over 100m long with a critical current well
above 100A/cm-width at 77K and zero applied field (Ba = 0) were demonstrated [112].
In 2008, a length of 368m Gd-123-coated conductor with a critical current of 304.8A
(77 K, Ba = 0) was achieved [126]. By 2010, the piece length of industrially manufac-
tured coated conductors reached 500m; the critical current exceeded 250A/cm-width
(77 K, Ba = 0) [139].
Today, the performance of coated conductors is close to that required for magnet and

power applications. For widespread use of these superconductors, the production capacity
of the manufacturers would need to be scaled up significantly. The main hurdle for entering
the big potential market in the power sector is economic. Thus a significant reduction in
the superconductor cost would be highly desirable.
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16
Cuprate Superconductor Films

16.1 Introduction

Applications of superconductivity in electronics and measurement techniques are fre-
quently based on the use of superconducting films. In Section 15.3, the manufacture and
the properties of second-generation high-temperature superconductor tapes have been
presented. These coated conductors are based on RE-123 (RE: Y or another rare-earth
element) films epitaxially grown on a suitable substrate. The thickness of these RE-123
films is typically in the range of 1–2μm. The challenge in the manufacture of coated
conductors is how to obtain a biaxially textured RE-123 film over a length of several
hundred meters without defects that hinder the flow of the supercurrents.
The investigation of cuprate superconductor films was of importance to obtain a deeper

insight into the factors limiting the transport critical current density. Soon after the dis-
covery of superconductivity above 77K in YBa2Cu3O7−x, it was observed that the critical
current density in sintered polycrystalline samples is disappointingly low. On the other
hand, high critical current densities of the order of MA cm–2 were demonstrated in epitax-
ial films. The transport critical current densities achieved in cuprate superconductor films
have already been presented in Section 9.5.4. Furthermore, the study of biaxially textured
epitaxial films provided information on the anisotropy of the transport properties of cuprate
high-Tc superconductors.
Many aspects of the manufacture of long coated conductors have been investigated using

superconducting films of small area. Examples are investigations of the sequence and the
conditions during deposition of various buffer layers on biaxially textured (RABiTS) or
nontextured nickel alloy substrates (IBAD, ISD), in order to obtain substrates suitable for
the epitaxial growth of RE-123 films. Another aspect addressed by studies of cuprate films
is the introduction of artificial pinning centers into RE-123 films.
A comprehensive description of cuprate superconductor film deposition and the discus-

sion of their properties are beyond the scope of this chapter. Besides an introduction to film
deposition, this chapter will focus on the effects of the thickness of the superconducting

Physical Properties of High-Temperature Superconductors, First Edition. Rainer Wesche.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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film in multilayer systems (Section 16.3) and the effect of epitaxial strain on the critical
temperature (Section 16.4).

16.2 Film Deposition Techniques

16.2.1 Preparation of Bismuth-based Cuprate Superconductor Films

First, let us consider the preparation of bismuth-based high-Tc superconductor films. Con-
ditions reported in the preparation of Bi-2212 [1–9] and Bi-2223 films [10–14] are listed
in Table 16.1. Bi-2212 films were successfully deposited on (1 0 0) YSZ (ZrO2 + 9.5%
Y2O3) [1], (1 0 0) SrTiO3 [4–6], and (1 0 0) MgO substrates [2, 3, 7–9]. The films were
deposited by pulsed laser deposition (PLD) [3–5, 7, 9], electron beam evaporation [2],
metal organic decomposition (MOD) [8], and sputtering [1]. Further details of the depo-
sition conditions are presented in Table 16.1. In highly textured Bi-2212 films grown on
(1 0 0) SrTiO3 substrates, the critical current density exceeded 1MA cm–2 at 4.2K and zero
applied field (Ba = 0) [4, 5]. The onset Tc of these Bi-2212 films reached 83K.
Chen and Bhattacharya [10] reported the growth of biaxially textured Bi-2212 films

by means of electrodeposition on (1 0 0) LaAlO3 single-crystal substrates. The LaAlO3
single crystals were coated by a 30-nm-thick silver film. The metal nitrates of the con-
stituents were co-electrodeposited on the Ag-coated single-crystal substrates at room tem-
perature. Typically, 2.0 g Bi(NO3)3⋅5H2O,1.0 g Sr(NO3)2, 0.6 g Ca(NO3)2⋅4H2O, and 0.9 g
Cu(NO3)2⋅6H2O were dissolved in 400ml dimethyl sulfoxide. In a furnace preheated to
1000 ∘C, the Bi-2212 precursor films were melted and then rapidly quenched to room tem-
perature. After melt quenching, Bi-2201 was the main phase in the precursor film. During
annealing at 840–870 ∘C in air or oxygen, the Bi-2201 phase was converted to nearly single
phase, biaxially textured Bi-2212 films. The critical current density in the Bi-2212 films
reached 0.58MA cm–2 at 4.2K and the zero applied field. Magnetization measurements
provided a critical temperature of 79K [10].
(Bi,Pb)-2223 and Bi-2223 films were successfully grown on (1 0 0) MgO [11, 13,

14] and (1 0 0) LaAlO3 [12]. (Bi,Pb)-2223 films were deposited by spray pyrolysis on
(1 0 0) MgO [11]. Bi-2223 films without lead substitution for bismuth were deposited by
metal-organic chemical vapor deposition (MOCVD) [12] and dc sputtering [13, 14]. The
MOCVD Bi-2223 films grown on (1 0 0) LaAlO3 substrates showed Tc(end) = 86–90K
and excellent critical current densities above 1MA cm–2 at 4.2K and Ba = 0 [12].

16.2.2 Preparation of Thallium-based Cuprate Superconductor Films

Conditions reported in the preparation of Tl-2212 [15–20], Tl-2223 [15, 16, 21–23],
Tl-1212 [24], and Tl-1223 [25–30] are listed in Table 16.2. Tl-2212 films were success-
fully grown on MgO [15], SrTiO3 [15], LaAlO3 [16–20], CeO2 buffered sapphire [15],
and LaNiO3 buffered LaAlO3 [18]. The same substrates were used for the preparation of
Tl-2223 films (MgO [15, 21], SrTiO3 [15], CeO2 buffered sapphire [15], and LaAlO3 [16,
22, 23]).
A 5–10-μm-thick Tl-1212 filmwas prepared byMOCVD [24]. The Tl-1212 film showed

a broad transition with an onset Tc of 110K. Zero resistance was reached at 70K. Tl-1223
films were deposited on yttria-stabilized zirconia (YSZ) [25–27], silver [28], SrTiO3 [29],
and LaAlO3 [29, 30] substrates.
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Table 16.1 Conditions used for the preparation of Bi-2212 and Bi-2223 high-Tc
superconductor films (abbreviations: Ba – applied field, p – chamber pressure, pO – oxygen
partial pressure, MOD – metal organic decomposition, MOCVD – metal-organic chemical
vapor deposition, Ts – substrate temperature, YSZ – yttria-stabilized zirconia)

Film/substrate Deposition conditions/comments Reference

Bi-2212/Al2O3
Bi-2212/SrTiO3
Bi-2212/(1 0 0) YSZ
YSZ: ZrO2+
9.5% Y2O3

Reactive magnetically enhanced triode sputtering
p = 4 × 10−7 mbar, Sr, Bi–Cu and Ca sputter
targets presputtered for 45 min at pAr ≈ 5mbar,
combined deposition rate of all metals: 10 nm
min–1, pO = 2.7mbar 0.5-μm-thick film,
annealed in tube furnace filled with O2
28 ∘C min–1 → 890 ∘C,
cool-down rate > 50 ∘C min–1

Tc (onset) = 85K, Tc (end) = 74K, linear
dependence of resistance on temperature above
85 K

[1]

Bi-2212/(1 0 0) MgO Sequential electron beam evaporation of Cu, SrF2,
CaF2, and Bi, total of 16 layers 0.5-μm-thick

Furnace annealing in O2 and H2O vapor
(860 ∘C 5min)

860 ∘C 10min without H2O vapor
Tc (onset) = 88K, Tc (end) = 68K

[2]

Bi-2212/(1 0 0) MgO Pulsed laser evaporation from a Bi-2212
ceramic disk

p = 2.7 × 10−5 mbar, Ts close to room temperature
ArF excimer laser (6.4 eV), 8 Hz repetition rate
10J∕cm2 at target, deposition rate of 0.1 nm pulse–1

10 min annealing at 850 ∘C, 1–20% O2 balanced
by N2

250-nm-thick films, Tc(end) ≥ 75K

[3]

Bi-2212/(1 0 0) SrTiO3 PLD from sintered Bi-2212 disks
XeCl excimer laser (2 J pulse energy, 60 ns pulse

duration, 5 Hz repetition rate),
pO = 0.4–0.8mbar, Ts 5–10 ∘C below Bi-2212
decomposition temperature

50 min annealing at Ts, pO = 0.6mbar
cool-down with

100 ∘C min–1 →
highly textured Bi-2212 films, c⊥ surface

Tc (onset) = 83K, jc (4.2K, Ba = 0) > 1MA cm–2

[4, 5]

Bi-2212/(1 0 0) SrTiO3 Flash evaporation of Bi2Sr2.5Ca2Cu2Oy powders
from 1900 ∘C hot Ta boat, p = 10−5 mbar,
Ts = 150 ∘C

Annealing in tube furnace at 820–830 ∘C
Single-phase Bi-2212 films,

Tc = 70–81K, c⊥ surface
jc (4.2K, Ba = 0) ≈ 0.1MA cm–2

[6]

(continued overleaf )
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Table 16.1 (continued)

Film/substrate Deposition conditions/comments Reference

Ag/Bi-2212/(1 0 0) MgO PLD with a KrF excimer laser from a dense Bi-2212
ceramic target

Ts = 500 ∘C, p = 18mbar (flowing O2)
400-nm-thick Bi-2212 films + 30 nm Ag
Furnace annealing in Ar/7% O2 at 872–876 ∘C
c-axis-oriented Bi-2212 film with enlarged grain

size due to the presence of the Ag cover layer

[7]

Bi-2212/(1 0 0) MgO
240-nm-thick film

MOD of metal carboxylates dissolved in xylene,
the MOD solution directly coated on MgO
substrates, furnace annealing at 500 ∘C 15 min–1,
845 ∘C/2.5 h/O2,
jc (4.2K, Ba = 0) = 1.1MA cm–2

[8]

Bi-2212/(1 0 0) MgO Infrared Nd:YAG laser with
100–226mJ pulse energy

Sintered Bi-2212 target, 103 mbar ≤ p ≤ 101 mbar
and nonheated substrate, no O2

Heat treatments outside the vacuum chamber in air
at 840–850 ∘C for several times, some samples
partially melted at 870–880 ∘C and annealing at
850 ∘C for 10 h c-axis-oriented Bi-2212 films
with Tc (onset) = 58K

Stoichiometry of the target is transferred to the film

[9]

Bi-2212/(1 0 0) LaAlO3
30-nm-thick Ag film on

LaAlO3

Co-electrodeposition of metal nitrates (electrolyte
bath composition: 2.0 g Bi(NO3)3⋅5H2O, 1.0 g
Sr(NO3)2, 0.6 g

Ca(NO3)2⋅4H2O, and 0.9 g Cu(NO3)2⋅6H2O
dissolved in 400 ml dimethyl sulfoxide), melting
of Bi-2212 precursor films in a furnace
preheated to 1000 ∘C, quenching to RT leads to
Bi-2201 as a main phase, annealing at 840 to
870 ∘C in air or O2 converts Bi-2201 to Bi-2212
jc (4.2 K, Ba = 0) = 0.58MA cm–2, Tc = 79K

[10]

Bi,Pb-2223/(1 0 0) MgO Spray pyrolysis of carboxylates, Bi, Sr, Ca, Pb, and
Cu oxides dissolved in 1.5 molar solution of
C3H6O3 in H2O

Solution was sprayed on freshly cleaved (1 0 0)
MgO at Ts = 80–400 ∘C, furnace annealing at
860 ∘C, 12 h in air

Optimal metal composition
Bi1.7Pb0.4Sr1.7Ca2.5Cu3.5

Tc (end) of the films varied between 84 and nearly
100 K

[11]
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Table 16.1 (continued)

Film/substrate Deposition conditions/comments Reference

Bi-2223/(1 0 0) LaAlO3 MOCVD of Bi(C6H5)3, Sr(DPM)2, Ca(DPM)2, and
Cu(DPM)2 (DPM: dipivaloyl methane)
60–80-nm-thick c-axis-oriented single-phase
films

Tc (end) = 86–90K,
jc (4.2K, Ba = 0) > 1MA cm–2

[12]

Bi-2223/(1 0 0) MgO dc sputtering from a single cylindrical target of
Bi-2234 composition, mixture of O2/Ar = 0.8–1
as sputtering gas p = 0.9–1.6mbar,
Ts = 750–760 ∘C, 80–110-nm-thick films

Cool-down to 600∘ in 3 min, 10 min annealing at
600 ∘C in 600 mbar O2

[13], [14]

The preparation of Tl-based high-Tc superconductor films is typically done in two steps.
In the first, a thallium-free precursor film is deposited using one of the several deposition
techniques (sputtering, MOCVD, PLD, or spray pyrolysis of metal nitrates). In the second
step, the precursor film is thallinated, for example, in a quartz tube or a small alumina
vessel. Sources of thallium are Tl2O3 or Tl–Ba–Ca–Cu–O pellets. The two-step synthesis
avoids the poisoning of vacuum chambers, pumps, and other equipment with thallium.

16.2.3 Preparation of Mercury-based Cuprate Superconductor Films

Next, the preparation of mercury-based cuprate high-Tc superconductor films is briefly
considered. Various procedures used to prepare Hg-based cuprate superconductor films are
listed in Table 16.3 [31–46]. Hg-1201 [31], Hg-1212 [32, 33, 35, 40], and Hg-1223 films
[41–46] were successfully grown on SrTiO3 single-crystal substrates. LaAlO3 [34, 37, 39]
and MgO [36] were also used as substrates for the growth of Hg-1212 films. Hg-1223
films were also prepared on CeO2-buffered sapphire substrates. Hg-based high-Tc super-
conductor films are very sensitive to air exposure. The chemical stability of the films can
be improved by partial substitution of Re or Pb for Hg.
Frequently, the preparation of Hg-1212 and Hg-1223 starts from a mercury-free precur-

sor film, which may be deposited by RF magnetron sputtering [32, 42, 46], PLD [35, 39,
40], evaporation [36], or spray pyrolysis [44, 45]. The reaction to the desired Hg-1212 or
Hg-1223 phase is performed by heat treatment in the presence of mercury vapor. Unre-
acted pellets of Hg–Ba–Ca–Cu–O and CaHgO2 [39] have been used as mercury sources.
The composition of the unreacted Hg–Ba–Ca–Cu–O pellets depends on the phase desired.
In other procedures, layers of HgO and Ba–Ca–Cu–O are sequentially deposited [33,

34]. The multilayer film is protected by a HgO cap layer. Finally, the precursor films are
made to react to the desired phase in an enclosed quartz tube in the presence of mercury
vapor. Hg-1212 pellets were used as mercury sources [34].
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Table 16.2 Conditions used in the preparation of Tl-2212, Tl-2223, Tl-1212, and Tl-1223
high-Tc superconductor films (abbreviations: Ba – applied field, dr – deposition rate,
p – chamber pressure, pO – oxygen partial pressure, MOCVD – metal-organic chemical
vapor deposition, Ta – annealing temperature, Ts – substrate temperature,
YSZ – yttria-stabilized zirconia)

Film/substrate Deposition conditions/comments Reference

Tl-2212 films on (1 0 0)
MgO, SrTiO3,
CeO2/sapphire

Tc = 100K

Ba2Ca1Cu2 precursor deposited by reactive
high-rate sputtering from a metal alloy
target, dr = 50nm min–1, annealing together
with a Tl–Ba–Ca–Cu–O ceramic at
Ta = 860–880 ∘C, rapid heating to Ta,
cool-down with 1 K/min in O2, thallination
in a small container avoiding contamination
of the vacuum chamber with Tl

[15]

Tl-2223 films on (1 0 0)
MgO, SrTiO3,
CeO2/sapphire

Tc = 115K

Ba2Ca2Cu3 precursor deposited by reactive
high-rate sputtering from a metal alloy
target, dr = 50nm min–1, annealing together
with a Tl–Ba–Ca–Cu–O ceramic at
Ta = 860–880 ∘C, rapid heating to Ta,
cool-down with 1 K/min in O2, thallination
in a small container avoiding contamination
of the vacuum chamber with Tl

[15]

Tl-2212/LaAlO3
jc > 1MA cm–2 at 20 K,
Ba = 0

Films grown by sputtering and post annealing
Amorphous Tl–Ba–Ca–Cu–O film, low

temperature to convert the precursor film to
Tl-2212

[16]

Tl-2223/LaAlO3
jc > 1MA cm–2 at 40 K,
Ba = 0

Films grown by sputtering and post annealing
Post annealing in Tl atmosphere

[16]

Tl-2212/(0 0 1) LaAlO3
Tc(end) = 105K
jc = 0.12MA cm– 2

77 K, Ba = 0

MOCVD of Ba–Ca–Cu–O(F) thin films
Post annealing in the presence of Tl2O3 vapor
Precursor film together with Tl-2212 pellet

sealed in Au foil, annealing at 867 ∘C for 1 h
in pure O2

[17]

Tl-2212/LaNiO3/LaAlO3
jc ≈ 1MA cm–2 at 5 K,
Ba = 0

PLD of LaNiO3 on LaAlO3 single crystal in
≈ 320–480 mbar O2, Tl-free precursor film
deposited by sputtering at ambient
temperature

Furnace thallination of the precursor films

[18]

Tl-2212/LaAlO3
jc ≈ 10MA cm–2

5 K, Ba = 0

Prepared together with the
Tl-2212/LaNiO3/LaAlO3 film

[18]

Tl-2212/(0 0 1) LaAlO3
100-nm-thick film
Tc = 105K
jc = 2.33MA cm–2

Deposition of amorphous Tl–Ba–Ca–Cu–O
precursor film on LaAlO3 substrate dc
magnetron sputtering in 4:1

Ar/O2 mixture at p = 1.5 × 10−2 hPa
Precursor films annealed at 730–760 ∘C for

1–4 h

[19]
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Table 16.2 (continued)

Film/substrate Deposition conditions/comments Reference

Tl-2212/LaAlO3
300-nm-thick film

Deposition of an amorphous Tl–Ba–Ca–Cu–O
film by dc sputtering (Tl:Ba:Ca:Cu =
2.1:2:1:2), annealing at 820 ∘C for 1 h in
flowing O2 in a closed crucible

[20]

Ag doped Tl-2223 on
MgO substrates

jc = 23000A cm–2 at
77 K, Ba = 0

Tc ≈ 120K

Spray pyrolysis of Ba(NO3)2⋅4H2O, Ca(NO3)2,
Ag(NO3)2, Cu(NO3)2⋅3H2O on MgO
(Ts = 300 ∘C),
Ba:Ca:Cu:Ag = 2 ∶ 2 ∶ 3 ∶ 0.3, 20–30μm
thick precursor films, Ta = 885 ∘C 3min in
an Au foil

Tl2Ba2Ca3Cu3Oy bulks as a Tl source

[21]

Tl-2223/LaAlO3
1–1.9-μm-thick film
Tc = 109–112K

Sputter deposition of Ba2Ca2Cu3Ox precursor
films from a metallic Ba2Ca2Cu3 alloy
target, Ta = 1161–1168 ∘C

[22]

Tl-2223/(1 0 0) LaAlO3
Tc = 118.5–121K

(mid-point)

Spray pyrolysis of Ba2Ca2Cu3Oy precursor
films starting from Ba, Ca, Cu nitrates
dissolved in H2O (0.3 mol l–1)

Solution sprayed on LaAlO3 at Ts = 850 ∘C
within 15 min

Tl source 0.5 g Tl1.8Ba2Ca2Cu3Oz in contact
with precursor film sealed in a quartz tube,
pO = 0.5bar

Ta = 900 ∘C 30min, mainly biaxially textured
Tl-2223

[23]

Tl-1212/(1 0 0) LaAlO3
5–10-μm-thick film
Tc(onset) = 110K
Tc(end) = 70K

MOCVD of Tl-1212 films in the presence of
Tl2O vapor in a small alumina vessel
MOCVD at 400 ∘C/1 h/≈7 hPa

Annealing at 820 ∘C for 1 h, pO = 400mbar

[24]

Tl-1223/YSZ
7–8-μm-thick film
Tc = 105–111K
jc ≈ 60kA cm–2

77 K, Ba = 0

Spray pyrolysis of metal nitrates (5 mol% Ag in
precursor films), decomposition in air →
oxides

Thallination at 853–868 ∘C/1 h in a two-zone
furnace under flowing O2, Tl2O3 source at
730 ∘C

[25]

Tl-1223/YSZ Aqueous solution of Ca, Ba, Cu, Ag nitrates
sprayed on a heated polycrystalline YSZ
substrate

Ba2Ca2Cu3Ag0.37Ox film, Ta = 650 ∘C 5min
cool-down

Ta = 845 ∘C in O2 (nitrates → oxides)
thallination in a two-zone furnace, film at
860 ∘C 20min, Tl source at 730 ∘C

[26]

(continued overleaf )
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Table 16.2 (continued)

Film/substrate Deposition conditions/comments Reference

Tl-1223/YSZ
jc = 60kA cm–2

77 K, Ba = 0
2.5–5-μm-thick films

Spray deposition of metal nitrates followed by
decomposition at 650 ∘C in air,
845 ∘C in O2 →

Ba2Ca2Cu3Ag0.05O7 precursor film of 2.5 μm
thickness

Thallination in a two-zone furnace at 858 ∘C
(Tl2O3 source at 730 ∘C)

[27]

Tl-1223/Ag
jc(77K, Ba = 0) =
25kA cm–2

10–30-μm-thick films

Spin coating of Ba2Ca2Cu3Ag0.37O7 precursor
films on as-rolled Ag substrates, 600 ∘C for
6 h in air (burn out of organic binder),
thallination in a two-zone furnace
(precursor film at 860 ∘C, Tl2O3 source at
730 ∘C, 1–4 h)

Annealing at 600 ∘C in flowing O2 for 10 h

[28]

Tl-1223/(0 0 1) SrTiO3
Tl-1223/(1 0 0) LaAlO3

Off-axis laser ablation from a stoichiometric
target

Ba:Ca:Cu = 2:2:3 or Bi:Ba:Ca:Cu = 0.25:2:2:3
pO ≤ 20mbar, Ts = 650–720 ∘C, Tl2O3 as

source of Tl2O
Tl2O partial pressure of 0.5–1mbar,

TTl2O3 = 800–850 ∘C
Directly after deposition, pO is increased to

600 mbar
Bi substitution improved the film

microstructure

[29]

Tl-1223/(0 0 1) LaAlO3
100–125-nm-thick film
Tc(onset) = 103K

On-axis radio-frequency sputtering of
Ba2Ca2Cu3Ox p = 5 × 10−7 mbar in a
deposition chamber, 10−2 mbar Ar during
sputtering, thallination in a sealed
quartz tube

Tl0.8Ba2Ca2Cu3Ox as a Tl source, Ta = 860 ∘C,
3 h, pO = 500mbar

[30]

Stelzner and Schneidewind [37] used Tl–Hg cation exchange to prepare Hg-1212 films.
In this special method, Tl-2212 films were first grown on LaAlO3 or CeO2-buffered
sapphire substrates. The conversion of the Tl-2212 to Hg-1212 films was done in quartz
ampoules at a temperature of 790–810 ∘C for 30–45min in the presence of mercury vapor
and oxygen. Ceramic pellets of composition Tl0.002Hg1.15Ba2Ca2Cu3Ox were used as
the mercury source. The Hg-1212 films obtained by cation exchange exhibited transition
temperatures between 121 and 124K. The critical current achieved in these films is as
high as 7MA cm–2 at 77K and the zero applied field.
Valeriánová et al. [46] deposited mercury-based high-Tc superconductor films on

CeO2-buffered sapphire. Their studies focused on the influence of the CeO2 buffer layer
thickness on the formation of Hg-12(n − 1)n films (n = 2 and 3). For epitaxial growth,
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Table 16.3 Conditions used for the preparation of Hg-1201, Hg-1212, and Hg-1223 high-Tc
superconductor films (abbreviations: Ba – applied field, dr – deposition rate, p – chamber
pressure, PLD – pulsed laser deposition, pO – oxygen partial pressure, RF – radio frequency,
RT – room temperature, Ta – annealing temperature, Ts – substrate temperature

Film/substrate Deposition conditions/comments Reference

Hg-1201/(1 0 0) SrTiO3
Tc ≈ 85K

RF planar magnetron sputtering of a mixture of
Ba2CuO3, CuO, HgO (Hg:Ba:Ca:Cu =
2.5:2:2.5:4)

Sputtering in 0.5 × 10−2 mbar Ar input RF power
of 50 W 1-μm-thick amorphous film after 2 h

Annealing at 650–700 ∘C in flowing N2/1% O2 for
0.5–1 h

Hg(Ba,Ca)2CuO4 film (c-axis perpendicular to the
substrate)

Remaining Ca–Cu–O as impurity phases

[31]

Hg-1212/SrTiO3
Tc(mid) ∼ 120K
jc ∼ 10MA cm–2 (10K)

RF-sputtering of Ba2CaCu2Ox precursor film, target
of BaO2, CaO, CuO,
Ba ∶ Ca ∶ Cu = 2 ∶ 1.2 ∶ 2.1 p ∼ 10−6 mbar,
4 ∶ 1 Ar∕O2 mixture ∼ 110mbar, reaction of the
precursor film with Hg vapor in a sealed quartz
tube (Hg source: pellet of Hg-1212),
160∘C∕h → Ta, Ta = 800 ∘C∕5h

[32]

Hg-1212/(1 0 0) SrTiO3
Tc ≈ 120K
jc ≥ 10MA cm–2

5 K, small fields
B||c

Sequential layers of HgO and Ba2CaCu2Ox
deposited by PLD from two separate targets at RT
in vacuum 0.25-μm-thick film covered by a
40-nm-thick HgO layer 800 ∘C/1 h in an
encapsulated quartz tube (film, Hg–Cu–O,
precursor pellets) → c-axis-oriented high quality
epitaxial Hg-1212 film

[33]

(Hg,Re)-1212/(1 0 0)
LaAlO3

Tc ≈ 120K
c-axis-oriented

epitaxial film

Sequential deposition of HgO (5 nm thick) and
Re0.1Ba2CaCu2Oy (25 nm) repeated several times

180-nm-thick HgO cap layer, all depositions at RT
in vacuum (≈ 10−7 mbar), total film thickness of
0.5–1μm

Annealing in a sealed quartz tube together with
0.4 g

Ba2CaCu2Oz and 1 g Hg-1212 pellets, Ta = 845 ∘C,
0.75 h, finally quenched in air

[34]

Hg-1212/(1 0 0) SrTiO3
Tc(end) = 121K

Ba2CaCu2Ox film deposited by PLD from a
Ba2CaCu2Ox target prepared from Ba(NO3)2,
Ca(NO3)2⋅4H2O, and CuO

Ts = 673K, pO = 0.06mbar, 0.4nm s–1

deposition rate
Hg-free precursor film and 2 Hg-1212 pellets

placed into a sealed and evacuated quartz tube
Annealing at 1043 K for 5 h and cooling to RT

[35]

(continued overleaf )
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Table 16.3 (continued)

Film/substrate Deposition conditions/comments Reference

(Hg,Pb)-1212/(1 0 0) MgO
Hg-1212/(1 0 0) MgO
Both film types
Tc(end) 105–117 K

Sequential evaporation of BaF2, Cu, CaF2 with a
cation ratio of Ba ∶ Ca ∶ Cu
= 2 ∶ 2 ∶ 3 for Hg-1212

Sequential evaporation of BaF2, Cu, Pb, CaF2 with
cation ratio of Pb : Ba ∶ Ca ∶ Cu
= 0.5 ∶ 2 ∶ 2 ∶ 3 for (Hg,Pb)-1212

Ts = 700 ∘C, ex situ annealing in
1.3 × 10−6 mbar dry O2

Followed by increase in pO to ambient pressure at
Ts = 700 ∘C to remove fluorine

Compacted pellets of unreacted
Hg1.2Pb0.3Ba2Ca2Cu3Ox as a Hg source,
3K min–1 to 800 ∘C for 1 h, 3K min–1 to RT

[36]

Hg-1212/LaAlO3
Tc = 121–124K
jc ≤ 7MA cm–2

77 K, Ba = 0
≈ 300-nm-thick films

Ba–Ca–Cu–O precursor film sputtered from a
metallic target, annealing together with
Tl–Ba–Ca–Cu–O pellet in the Au/Pt container at
870 ∘C under flowing O2 → Tl-2212 precursor
film, conversion to Hg-1212 at 790–810 ∘C for
0.5 to 0.75 h in Hg/O2 vapor in quartz ampoules

Post annealing at 350 ∘C for 3 h in flowing O2.

[37]

(Hg,Re)-1212/LSAT
≈ 300-nm-thick films
Tc = 117–120K
jc = 4–6MA cm–2

77 K, Ba = 0

(1 0 0) LSAT: (LaAlO3)0.3-(SrAl0.5Ta0.5O3)0.7
Preparation of a 80-nm-thick seed layer
PLD of Re0.1Ba2CaCu2Oz in vacuum at Ts = RT
Deposition of a 25-nm-thick HgO cap layer
Precursor film and nonreacted pellets of

HgBa2CaCu2Ox and Ba2CaCu2Oy encapsulated
in a sealed quartz tube

Heat treatment at 725 ∘C for 5 h
PLD of a 220-nm-thick (Hg,Re)-1212 film, heat

treatment together with pellets of
Hg0.8Ba2CaCu2Ox and Ba2CaCu2Oy at 725 ∘C
for 100 h

[38]

(Hg,Re)-1212/LaAlO3 PLD of precursor films from a Re0.2Ba2Ca2Cu3Ox
target 133 mbar O2, Ts = 250 ∘C, laser energy of
200 mJ

Reaction in vacuum-sealed quartz tubes at 780 ∘C
for 10 h using CaHgO2 as a Hg source

[39]

(Hg,Re)-1212/(1 0 0)
SrTiO3

Tc = 124K

(Hg0.9Re0.1)Ba2CaCu2O6+𝛿 target of
Re0.1Ba2CaCu2Oy (Mixture of ReO2 and
Ba2CaCu2Ox), p = 1.33 × 10−5 mbar

PLD, 650 mJ/pulse, 8 Hz, 1 h, RT in 0.3 mbar O2

[40]
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Table 16.3 (continued)

Film/substrate Deposition conditions/comments Reference

Precursor films and pellets of (Hg,Re)-1212 (film
side) and 212 (substrate side) sealed into quartz
tubes evacuated to 1 mbar, 1h → 750 ∘C,
0.5h → 850 ∘C, 850 ∘C/1 h, cool-down to RT in
6 h

Hg-1223/(1 0 0) SrTiO3
Tc(onset) ≈ 131K
jc = 85000A cm–2

77 K, Ba = 0

RF sputtering of Ba2Ca2Cu3Ox Ts = 25–600 ∘C,
67–93mbar Ar, in situ deposition of the HgO cap
layer, 100–500-nm-thick precursor film

Thickness ratio HgO ∶ Ba2Ca2Cu3Ox = 0.2 ∶ 1
Ta = 750–850 ∘C∕ ≤ 5h in an evacuated

quartz tube

[41]

Hg-1223/(1 0 0) SrTiO3
Tc(end) ≈ 130K
jc = 23MA cm–2

5 K, Ba = 0
jc = 2MA cm–2

77 K, Ba = 0

Ba2Ca2Cu3Ox radio-frequency sputtered from
Ba2Ca2Cu3Ox target at RT in 0.07 mbar Ar

Target synthesized from Ba(NO3)2, CaO, CuO at
900 ∘C for 17 h in O2 atmosphere,
p = 1.3 × 10−5 mbar, dr = 150nm h–1, Hg-1223
pellets sealed in the evacuated quartz tube,
annealing at 850 ∘C for 0.5 h

[42]

Hg-1223/(1 0 0)
Y0.15Zr0.85O1.93
Tc ≈ 135K
jc = 10MA cm–2

10 K, Ba = 0

Sol–gel process, solution of Cu(NO3)2⋅3H2O,
Ca(NO3)2⋅4H2O, and Ba(NO3)2 in a mixture of
H2O and glycerin

Calcination at 900 ∘C → Ba2Ca2Cu3 precursor film
Annealing at 870 ∘C/1.5 h in Hg vapor in quartz

tubes

[43]

Hg-1223/(1 0 0) SrTiO3
Tc(end) = 130 ∘C
jc ∼ 0.44MA cm–2

77 K, Ba = 0

Spray pyrolysis of Ba(NO3)2, Ca(NO3)2⋅4H2O,
Cu(NO3)2⋅4H2O dissolved in distilled H2O,
Ts = 100–120 ∘C, Ta = 650 ∘C for 6 h in flowing
O2

Precursor film and unreacted Hg–Ba–Ca–Cu–O
pellet in an evacuated quartz tube, annealing at
775 ∘C/24 h

Post annealing at 320 ∘C for 50 h in flowing O2

[44]

Hg-1223/(1 0 0) SrTiO3
1.5–10 μm thick
Tc(end) = 130K
jc = 0.1MA cm–2

100 K, Ba = 0

Spray pyrolysis of a solution of Ba, Ca, Cu nitrates
in distilled H2O (Ba ∶ Ca ∶ Cu = 2 ∶ 2 ∶ 3), Ts =
100–120 ∘C

Precursor film annealed at 650 ∘C/6 h in O2
Film and pellet of unreacted HgBa2Ca3Cu4Ox heat

treated at 700–775 ∘C for 24 h

[45]

Hg-1223/sapphire
10-nm-thick CeO2

buffer layer
300-nm-thick

precursor film

Thicker CeO2 buffer

Preparation of a 10-nm-thick CeO2 buffer layer and
Re:Ba:Ca:Cu = 0.15:2:2:3 precursor films (10 Pa
Ar, Ts = RT) by radio-frequency magnetron
sputtering

Ex situ annealing of film and unreacted pellet of
(Hg,Re)-1223 wrapped in an Au foil in a closed
quartz tube

Reaction at 800 ∘C for 3 h
Favors the formation of Hg-1212 films

[46]
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the mismatch of the lattice parameters of the substrate and the film should be less than
10%. The lattice mismatch between CeO2 and Hg-12(n − 1)n is only 0.3%, while it
can reach up to 20% for sapphire and the mercury-based high-Tc films. A CeO2 buffer
layer only 10 nm thick on sapphire is heavily strained, and hence the lattice parameter
is different from that in CeO2 bulk material or thick films. A c lattice parameter of
0.541 nm was found for the 10-nm-thick film by X-ray diffraction. In thicker films,
the strain caused by different lattice parameters is relaxed. For a CeO2 buffer layer of
120 nm thickness, the c lattice parameter is 0.539 nm. The Re–Ba–Ca–Cu–O precursor
films, deposited on the CeO2 buffered sapphire, were heat treated at 800 ∘C in Hg vapor.
In this way, superconducting films of 300 nm thickness were obtained. The films were
mixtures of c-axis-oriented Hg-1212 and Hg-1223. The c lattice parameters were found
to be independent of the buffer layer thickness, whereas the ratio of Hg-1223 to Hg-1212
decreased with increasing buffer layer thickness. The results suggest that the thickness of
the CeO2 buffer layer influences the growth of the Hg-12(n − 1)n film. The formation of
Hg-1223 starts with the initial formation of Hg-1212, which is converted to Hg-1223 by
the intercalation of Ca–Cu–O [46]. For films on thin-strained CeO2 buffer layers, more
dislocations are present in the initial Hg-1212 film. This promotes diffusion of Ca, Cu, and
oxygen into the layer, leading to the accelerated formation of the Hg-1223 phase. Beyond
that, the epitaxial growth of Hg-12(n − 1)n films is influenced by the strain present in the
buffer layer [46].

16.2.4 Preparation of RE-123 Superconductor Films

In Chapter 15, the preparation of RE-123-coated conductors has already been described.
Coated-conductor fabrication is based on the epitaxial growth of RE-123 films on flexible
metallic substrates, which have been coated with suitable buffer layers in a reel-to-reel
process. In this section, a few examples of the deposition of RE-123 films on single-crystal
substrates are presented [47–66]. Published preparation conditions are listed in Table 16.4.
RE-123 films were deposited on SrTiO3 [47–49, 55, 56, 61, 63, 64], YSZ [48], MgO [50,

53, 62], silicon wafers [51], and LaAlO3 [52, 54, 58, 59, 65, 66]. In some cases, a buffer
layer, deposited on the single crystal, was used as a substrate for the growth of the RE-123
films. CeO2 buffer layers were deposited on SrTiO3 [57], LaAlO3 [58], and sapphire [60].
LaAlO3 single crystals buffered withMgO [54] were also used as a substrate for the growth
of RE-123 films. In a Y-123 film eight inches in diameter, deposited on a silicon wafer, the
critical current density reached 20MA cm–2 at 4.2K and Ba = 0 [51]. The critical current
density of RE-123 films was typically in the range of 1.6–2.7MA cm–2 at 77K and Ba = 0
[63–66]. The RE-123 films were deposited by various methods, including PLD [49, 52, 54,
56, 57, 63], various sputtering techniques [47, 51, 55, 61], and MOD [58–60, 65, 66]. Crit-
ical current densities of the order of 2MA cm–2 (77K, Ba = 0) were reported for RE-123
films prepared by MOD [60, 65, 66].
MOD is an interesting alternative to vacuum deposition techniques. Frequently, MOD

starts from a solution of the Y, Ba, and Cu TFA, which is (for example) spin coated on the
single-crystal substrate [65]. The substrate with the spin-coated solution is slowly heated
to 400 ∘C in the presence of humid oxygen to decompose the TFA. To obtain films of
1–2 μm thickness, the process needs to be repeated several times. Finally, the precursor
film is fired at 800 ∘C in low-pressure oxygen diluted by argon in the presence of water
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Table 16.4 Conditions used for the preparation of RE-123 high-Tc superconductor films on
single-crystal substrates (abbreviations: Ba – applied field, dr – deposition rate, MOD – metal
organic decomposition, p – chamber base pressure, PLD – pulsed laser deposition,
pO – oxygen partial pressure, RF – radio frequency, RE Y – or another rare earth element,
RT – room temperature, Ta – annealing temperature, Ts – substrate temperature,
YSZ – yttria-stabilized zirconia

Film/substrate Deposition conditions/comments Reference

Y-123/(1 0 0) SrTiO3
Tc(onset) = 90K
jc = 0.1MA cm–2

78 K, Ba = 0
jc = 2MA cm–2

4.2 K, Ba = 0

Reactive magnetron cosputtering from Y, Ba, Cu
metal targets in Ar/O2 atmosphere
p = 1.33 × 10−6 mbar,
pAr = 2.67 × 10−3 mbar at Ba and Y sources,
O2 injection at the substrate (pO =
1.33 × 10−4 mbar in the chamber)

Ts = 400 ∘C, dr = 0.4–0.5nm s–1, furnace
annealing in flowing O2, 650 ∘C/6 h,
750 ∘C/1 h, 850 ∘C/1 h

[47]

Y-123/SrTiO3 or
Y-123/YSZ

Tc = 77–79K (YSZ)
Tc = 81K (SrTiO3)
jc = 1MA cm–2

4.2 K,Ba = 0

Y and Ba evaporated by two electron beam
evaporators

Cu deposited from a thermal source,
dr = 0.45nm s–1, pO = 0.87–1.33mbar,
Ts = 700 ∘C, 700 to 200 ∘C in 20 min,
1.33 mbar oxygen during cool-down

[48]

Y-123/(1 0 0) SrTiO3
jc = 8–14MA cm–2

77 K, Ba = 0

Laser ablation from Y-123 + 5 wt% Ag pellets
100–200-nm-thick films

[49]

(0 0 1) Y-123/(0 0 1)
MgO

Pulsed organometallic beam epitaxy [50]

Y-123/Si wafer
Tc = 87.5K
jc = 20MA cm–2

4.2 K, Ba = 0

Deposition of 8 inch diameter Y-123 films by a
90∘ off-axis sputtering technique, 267 mbar
80% Ar + 20% O2

Ts = RT

[51]

Y-123/(1 0 0) LaAlO3 Pulsed laser ablation from Y-123 + 5 wt% Ag
pellets

pO = 267mbar, Ts = 700 ∘C,
100–400-nm-thick films

[52]

Y-123/MgO
Tc = 84K
jc = 1MA cm–2

Thermal coevaporation of Y, Ba, Cu from
resistively heated metal boats, dr = 0.25nm s–1,
Ts = 650 ∘C, cool-down in 100 mbar O2,
200-nm-thick Y-123 film

[53]

Y-123/MgO/LaAlO3
Tc = 87K

PLD of a 100-nm-thick MgO buffer layer
Laser ablation of Y-123 at Ts = 750 ∘C,
pO = 250mbar

Y-123 films are c-axis oriented and epitaxial

[54]

Nd-123/(1 0 0) SrTiO3
Tc(end) = 90K

Off-axis RF sputtering method,
740 ∘C ≤ Ts ≤ 780 ∘C,
pAr∕pO = 4–2 (0.12–0.18mbar), 200-nm-thick
Y-123 film

[55]

(continued overleaf )
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Table 16.4 (continued)

Film/substrate Deposition conditions/comments Reference

(Y,Ca)-123/(0 0 1)
SrTiO3

PLD from a Y1−xCaxBa2Cu3O7−𝛿 target,
Ts = 850 ∘C, pO = 400mbar, at the end of
deposition slow cool-down to 450 ∘C,
annealing at 450 ∘C in 30 mbar O2 for 90 h

[56]

Y-123/CeO2/SrTiO3 PLD of CeO2 on SrTiO3, 248 nm laser wave
length, 108 mJ laser energy, 1 Hz repetition
rate, Ts = 650 ∘C, pO = 0.2mbar, MOD of
trifluoro-acetates (TFA), spin coating at RT,
furnace annealing to 400 ∘C in 1l/min humid
O2 flow, Ta = 840 ∘C∕70min in 2.1% humid
Ar∕O2 (200–400ppm O2)

[57]

Y-123/LaAlO3
Y-123/CeO2/LaAlO3

Solution of the TFA of Y and Ba and Cu
naphtenate is spin coated on LaAlO3 or CeO2
buffered LaAlO3, calcination of the precursor
film at 400 ∘C in humid O2, coating and
calcination repeated for several times,
calcination of the multilayer film at 500 ∘C,
crystallization at 760 ∘C in humid Ar-0.1% O2

[58]

Y-123/(1 0 0) LaAlO3
Ic = 105A cm–1-width
1.17-μm-thick film
jc = 0.76–0.9MA cm–2

(77K, Ba = 0)

TFA MOD, Y2BaCuOx and Ba3Cu5O8 dissolved
in a ratio of 1:2, heat treatment at 80 ∘C/6 h,
obtained blue residue is dissolved in methanol
and dip-coated on LaAlO3 single crystal, drying
at 150 ∘C for 2 h and p = 1.33 × 10−3 mbar,
film calcined at 460 ∘C in humid O2,
775 ∘C/4 h in 20% H2O Ar-0.1% O2

Annealing 450 ∘C/10 h in dry O2

[59]

Y-123/CeO2/sapphire
jc = 3MA cm–2

Y, Ba, and Cu acetyl-acetonates dissolved in
pyridine and propionic acid, evaporation of the
solvents, dissolution of residual metal
complexes in methanol spin coating on CeO2
buffered sapphire, fired at 500 ∘C, 765 ∘C/1.5 h
in flowing nitrogen and air (0.1 % O2), total
pressure of 100 mbar in the furnace,
pO = 0.1mbar, below 550 ∘C 1 bar pure O2

[60]

Nd-123/(1 0 0) SrTiO3 Deposition by high oxygen pressure sputtering [61]

Nd-123/MgO
Tc = 90.4–91.6K

Molecular-beam epitaxy (MBE), Ts = 665 ∘C,
250-nm-thick films

[62]

Y-123/Nd-123
multilayers on SrTiO3

∼ 2.7MA cm–2

77 K, Ba = 0

PLD of Y-123/Nd-123 multilayers on SrTiO3
Y-123 layers of 300 nm thickness
Nd-123 layers of 50 nm thickness
Total thickness of ∼ 1000nm

[63]
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Table 16.4 (continued)

Film/substrate Deposition conditions/comments Reference

Sm-123/SrTiO3
Ic = 83.3A cm–1-width
77 K, Ba = 0, 1μV cm–1

jc = 2.1MA cm–2

Coevaporation of Sm, Ba, and Cu with deposition
rates of 0.61 nm s–1 (Sm), 1.46 nm s–1 (Ba), and
0.45 nm s–1 (Cu), Ts = 700 ∘C, in an
evaporation chamber p < 4 × 10−5 mbar, in a
reaction chamber pO = 6.7 × 10−3 mbar, after
deposition pO = 1bar, cool-down to RT

[64]

Y-123 multilayer films
on LaAlO3

5-layer film of
1μm thickness

jc ≥ 1.6MA cm–2

Ic = 160A cm–1-width
77 K, Ba = 0

Ultrasonic cleaning of the LaAlO3 single-crystal
substrate in an ultrasonic bath of (1) acetone
and of (2) methanol, annealing at 800 ∘C in
pure O2

Y, Ba, Cu dissolved in trifluoroacetic acid and
H2O

Several cycles of drying and dissolving in
methanol

Spin coating of the solution on the substrate
(0.2-μm-thick layer), slow heating to 400 ∘C in
humid O2 to decompose the TFA

Process is repeated until the multilayer film is
1–2-μm-thick, firing at 800 ∘C in humid 0.1%
O2/Ar mixture

[65]

Gd-123/(1 0 0) LaAlO3
jc ≈ 2.1MA cm–2

77 K, Ba = 0

MOD of Ba–TFA and fluorine-free Gd and Cu
sources

Deposition by dip coating, pyrolysis at 400 ∘C/3 h
in humid O2, firing at 775–800 ∘C in humid
Ar/O2 atmosphere

[66]

vapor. The rate of the reaction leading to the desired Y-123 film is controlled by the oxygen
and the water vapor pressure [65].

16.3 Multilayers of Ultrathin Films

In this section, the properties of multilayers of ultrathin high-Tc superconductor films are
considered. In the layered crystal structures of the cuprates, the superconducting CuO2
planes are separated by insulating layers, which act as charge carrier reservoirs. Triscone
et al. [67] usedmultilayers of ultrathin YBa2Cu3O7/PrBa2Cu3O7 films to study the effect of
the thickness of the insulating and nonsuperconducting PrBa2Cu3O7 layers on the super-
conducting coupling between the CuO2 planes of adjacent layers of YBa2Cu3O7. They
prepared YBa2Cu3O7/PrBa2Cu3O7 superlattices by dc magnetron sputtering using stoi-
chiometric targets of Y-123 and Pr-123. Multilayer films with a total thickness of 150 nm
were deposited on heated (1 0 0) MgO substrates. A sketch of three multilayer films with
alternating layers of YBa2Cu3O7 and PrBa2Cu3O7 is shown in Figure 16.1. In all mul-
tilayer films, each of the Y-123 layers is 1.2 nm thick, while the thickness of the Pr-123
layers differs in the different superlattices. Triscone et al. [67] studied multilayers with
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Figure 16.1 Sketch of Pr-123/Y-123 multilayer films with different thicknesses (1.2, 2.4, and
4.8 nm) of the nonsuperconducting Pr-123 layers. The total thickness of each multilayer is
approximately 150 nm. To study the effect of the Josephson coupling, the thickness of the
Pr-123 layers, which separate 1.2-nm-thick Y-123 films, was varied. A thickness of 1.2 nm cor-
responds to the height of one unit cell of Y-123 or Pr-123 along the crystallographic c-direction
(adapted from [67])

Pr-123 thicknesses in the range of 1.2–7.2 nm. The height of a single unit cell of Y-123 or
Pr-123 is approximately 1.2 nm along the crystallographic c-direction. In the Y-123 com-
pound, two CuO2 planes, separated by a layer of yttrium ions, form the conductive copper
oxide blocks. Adjacent copper oxide blocks are separated by charge carrier reservoirs with
the layer sequence BaO–CuO–BaO. For comparison, Triscone et al. [67] prepared single
Y-123 and (Y0.5Pr0.5)Ba2Cu3O7 films of 150 nm thickness. In the (Y0.5Pr0.5)Ba2Cu3O7
film, they measured a critical temperature of ≈20K, which is more than a factor of 2 less
than the value of ≈50K found for the multilayer film with alternating layers of Pr-123 and
Y-123, each 1.2 nm thick. The quoted Tc values are based on the end of the resistive transi-
tion. For multilayer films with one unit cell thick Y-123 layers embedded between Pr-123
layers of 1.2–7.2 nm thickness, the critical temperature was found to decrease from ≈50K
(1.2-nm-thick Pr-123) to ≈ 13K (7.2-nm-thick Pr-123).
Terashima et al. [68] studied the effect of the thickness of ultrathin Y-123 films embed-

ded between two Pr-123 films of six unit cells thickness. As a substrate for the trilayer film
system, they used (1 0 0) SrTiO3 single-crystal substrates. The filmswere grown by reactive
coevaporation of the metals in oxygen. The layer growth was checked by the observation
of strong intensity oscillations of reflection high-energy electron diffraction, which corre-
spond to the height of a single unit cell. The first Pr-123 film is used as a buffer layer for
the growth of the epitaxial Y-123 film. The lattice mismatch between Pr-123 and Y-123 is
as small as 1.5%. It was found that without a cap layer of Pr-123, the ultrathin Y-123 films
are non-superconducting. The Pr-123 cap layer was found to transfer a number of holes
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Figure 16.2 Examples of Pr-123/Y-123/Pr-123 trilayers grown on SrTiO3. From left to right,
the thickness of the Y-123 layer increases from 1 to 10 unit cells (adapted from [68])

to the Y-123 film, which is sufficient to establish superconductivity [68]. A sketch of the
studied trilayer film systems is presented in Figure 16.2.
The variation of the critical temperature with the thickness of the Y-123 layer in

Pr-123 (six unit cells)/Y-123 (n unit cells)/Pr-123 (six unit cells) trilayers is presented in
Figure 16.3 (results from [68]). For comparison, the dependence of Tc on the thickness
of the Pr-123 layer in Pr-123/Y-123 superlattices is also shown in Figure 16.3. All Tc
values are based on 10% of the normal-state resistance. The results of Terashima et al.
[68] indicate that a single unit cell of Y-123 embedded between Pr-123 layers (each 6
unit cells thick) is superconducting. The measured Tc of ∼ 41K is much lower than the
critical temperature of slightly more than 90K achieved in a 100-nm-thick Y-123 film.
The critical temperature was found to increase with increasing thickness of the Y-123
layer. The data for the Pr-123/Y-123 superlattices indicate that the critical temperature of
one unit cell thick Y-123 layers decreases nearly linearly with the thickness of the Pr-123
layers. The extrapolation to vanishing thickness of the Pr-123 layer leads to a critical
temperature below 60K, which is less than the Tc of ∼ 84K of a Y-123 film prepared
under identical conditions (see Figure 16.3). This result suggests that Tc is determined
by two factors, namely the superconducting coupling of adjacent Y-123 layers and a
reduction of Tc in a Y-123 film of only one unit cell thickness. The onset Tc (beginning of
the resistive transition) of ultrathin Y-123 layers in Pr-123/Y-123/Pr-123 trilayers is much
less affected than the offset Tc. For the Y-123 layers of two, three, and four unit cells
thickness, the onset Tc of around 91K is only slightly lower than that of a 100-nm-thick
film, while for a Y-123 layer of only one unit cell thickness, the onset Tc is reduced
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Figure 16.3 Critical temperature of Pr-123/Y-123/Pr-123 trilayers vs. the thickness of the
Y-123 layer (open squares). Tc increases with increasing thickness of the Y-123 layer from
41K (one unit cell thick Y-123) to 84K (10 unit cells thick Y-123). The critical temperature of
a 100-nm-thick Y-123 film reaches ∼90.5K. The results indicate that a Y-123 layer one unit cell
thick is superconducting. Critical temperature of Pr-123/Y-123 superlattices vs. the thickness of
the Pr-123 layer separating adjacent Y-123 layers each 1.2 nm thick (open triangles). The Tc of
these superlattices decreases with increasing thickness of the Pr-123 layers. In a 150-nm-thick
film, a critical temperature of around 84K was achieved (solid triangle) (results from [67, 68])

to ≈85K. Measurements of the Hall voltage indicated that the charge carrier density in the
thinnest Y-123 layer is smaller than that in a thick film. For an increased number of holes
in this layer, the onset Tc may reach 90K [68].
Logvenov et al. [69] investigated superconductivity in a single CuO2 layer. They pre-

pared La1.65Sr0.45CuO4/La2CuO4 bilayers by means of molecular-beam epitaxy (MBE).
The deposition process was monitored by atomic absorption spectroscopy. The real-time
observation of the atomic fluxes is used to control pneumatic shutters, enabling atomic
layer-by-layer film deposition. Furthermore, the MBE system allows 3% Zn doping of
a single predetermined layer of La2CuO4 or (La,Sr)2CuO4. A sketch of the film system
under study is presented in Figure 16.4. The bilayer consisted of six layers of metallic
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Figure 16.4 Six unit cells thick metallic, non-superconducting La1.56Sr0.44CuO4 film, grown
on the SrLaAlO4 substrate, covered with a six unit cells thick insulating LaCuO4 film. In one
of the layers, 3% of the copper atoms are replaced by Zn (in this example layer 2). The crit-
ical temperature was measured for different positions of the Zn-doped layer (see Table 16.5)
(adapted from [69])

La1.56Sr0.44CuO4 and six layers of insulating La2CuO4. Outside such bilayers, none of the
material superconducts. Several studies of superlattices [70] or bilayers of insulating and
overdoped La–Sr–Cu–O [71, 72] revealed that these systems do superconduct. The results
suggest that, at the interface of the overdoped metal and the insulator, the concentration
of mobile holes is in a range that allows superconductivity to occur. In the experiments of
Logvenov et al. [69], a single Zn-doped layer was introduced at different positions in the
bilayer (i.e., N = −6–6). The measured Tc values are presented in Table 16.5.
Zn doping of copper in the CuO2 layers is known to reduce Tc, an effect attributed to

pair breaking by in-plane scattering [69]. For La1.65Sr0.45CuO4/La2CuO4 bilayers without
Zn doping in any layer, the zero-resistance temperature is typically 34.4K. As can be seen
in Table 16.5, Zn doping in the N = 2 layer reduces Tc as compared with doping in any
other layer. In particular, the values for Zn doping in the neighboring layers N = 1 and 3
are also in the range of 32 ± 4K, taking into account the sample-to-sample spread of Tc.
This spread is due to small variations in the surface roughness of the substrate and the
deposited film, interdiffusion of cations, and local changes in the charge carrier density. In
contrast, Tc is significantly reduced to 16.7 − 23.1K, when the second, but only the second,
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Table 16.5 Measured zero-
resistance critical temperature for
different positions N of the Zn-doped
layer [69]

Position N Measured Tc (K)

−6 35.1
−5 33.8
−4 34.2
−3 35.3
−2 29.1–33.9
−1 28.3–35.9

1 29–35.6
2 16.7–23.1
3 29.1–30
4 31.7
5 33.6
6 33.2

CuO2 layer (N = 2) is Zn-doped. This result suggests that the second layer is responsible
for the superconductivity of the bilayer. The Tc of all other layers is less than 18K if they
are superconducting at all.

16.4 Strain Effects

The critical temperature of cuprate high-Tc superconductors was found to depend on hydro-
static pressure, as discussed in Section 7.4. In this section, the effect of epitaxial strain on
the critical current of (La,Sr)2CuO4 and (La,Ce)2CuO4 thin films is briefly discussed. A
characteristic feature of epitaxial growth is the transfer of the crystallography of the sub-
strate to the film. In the case of sufficiently thin films, the lattice parameters of the film
are equal to that of the substrate. In the case of a mismatch of the lattice constants of the
substrate and the bulk high-Tc superconductor, an epitaxial strain can be induced in a very
thin superconductor film. Locquet et al. [73] deposited La1.9Sr0.1CuO4 on both SrLaAlO4
(lattice parameter a = 0.3754nm) and SrTiO3 (lattice parameter a = 0.3905) substrates
in order to study the epitaxial strain effect. They deposited the (La,Sr)2CuO4 films of
10–15 nm thickness at a substrate temperature of 750 ∘C bymeans of block-by-blockMBE.
The selected thickness is large enough to avoid a reduction in Tc characteristic of ultrathin
films. On the other hand, the film is so thin that the nucleation of misfit dislocations is
minimized, which in thick films relieves epitaxial strain. Differential thermal expansion
also contributes to epitaxial strain at low temperatures. The coefficients of thermal expan-
sion of (La,Sr)2CuO4, SrTiO3, and SrLaAlO4 are 8.5 × 10−6 K−1, 9 × 10−6 K−1, and
10.5 × 10−6 K−1, respectively. For (La,Sr)2CuO4 epitaxial films on SrLaAlO4, the coeffi-
cient of thermal expansion of the film is smaller than that of the substrate, which enhances
the compressive stress in the CuO2 planes. Under epitaxial growth conditions, a compres-
sive strain in the CuO2 planes of (La,Sr)2CuO4 is typically accompanied by tensile strain
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in the c direction. Both in-plane compressive and out-of-plane tensile strains enhance the
Tc of (La,Sr)2CuO4.
The expected change in the critical temperature of the films is given by [73]

Tc = Tc(0) + 2
𝛿Tc
𝛿𝜀ab

𝜀ab +
𝛿Tc
𝛿𝜀c

𝜀c (16.1)

where 𝜀 = (dbulk − dstrained)∕dbulk, with d being a lattice parameter. Locquet et al. [73]
measured the actual strain values by X-ray diffraction. The strain values (positive sign
for tensile strain and negative sign for compressive strain), found for (La,Sr)2CuO4
on SrTiO3, are 𝜀ab = 0.63% and 𝜀c = −0.76%. The corresponding strain values for
the (La,Sr)2CuO4 film on SrLaAlO4 are 𝜀ab = −0.54% and 𝜀c = 0.35%. Sekitani et al.
[74] performed similar experiments with strained La1.85Sr0.15CuO4 films deposited on
SrTiO3 and SrLaAlO4. The resistance versus temperature curves of Loquet et al. [73] and
Sekitani et al. [74] are presented in Figure 16.5. As expected, the critical temperature of
(La,Sr)2CuO4 films on SrLaAlO4 is higher than the Tc of films deposited on SrTiO3. The
critical temperature of La1.9Sr0.1CuO4 bulk material is 25K, which has to be compared to
a Tc as high as 49K for the La1.9Sr0.1CuO4 film on SrLaAlO4 with the CuO2 planes under
compressive strain [73]. On the other hand, the CuO2 planes of the La1.9Sr0.1CuO4 film
on SrTiO3 experience a tensile strain leading to a Tc as low as 10K [73]. Furthermore, the
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Figure 16.5 Resistivity vs. temperature of La1.9Sr0.1CuO4 films on SrTiO3 and SrLaAlO4. The
differences of the Tc values of the films from the bulk value are caused by different epitaxial
strains. For the SrTiO3 substrate, the in-plane strain is tensile, whereas it is compressive for
La1.9Sr0.1CuO4 films on SrLaAlO4. For comparison, the data of La1.85Sr0.15CuO4 on the same
substrates are also presented (results from [73, 74])



414 Physical Properties of High-Temperature Superconductors

Table 16.6 Lattice constants of the SrLaAlO4 (SLAO) buffer layer and the
critical temperature measured in 80-nm-thick La1.85Sr0.15CuO4 (LSCO) films
on the buffered SrTiO3 substrate [75]

Thickness of
SLAO (nm)

Lattice constant
a (nm)

Lattice constant
c (nm)

Tc of 80-nm-thick
LSCO film (K)

10 3.8077 1.255 –
15 3.7828 1.267 –
20 3.7728 1.270 –
40 3.7682 1.272 35.3
60 3.7718 1.272 37.4
80 3.7611 1.276 39.1
100 3.7577 1.277 39.5

dependence of the normal-state resistivities on temperature is remarkably different. Similar
to underdoped high-Tc superconductors, the film under tensile in-plane strain shows an
upturn of the normal-state resistance at temperatures below 100K. The critical temperature
of La1.85Sr0.15CuO4 bulk material (lattice constants a = 0.3777nm, c = 1.323nm [74])
is 36.7K. As expected, the critical temperature of the La1.85Sr0.15CuO4 film on SrTiO3
(lattice constants a = 0.3837nm, c = 1.318nm [74]) of 26K is lower, while the Tc of 44K
of the film on SrLaAlO4 (lattice constants a = 0.3762nm, c = 1.329nm [74]) is higher
than that of the bulk material.
Si et al. [75] varied the epitaxial strain by deposition of SrLaAlO4 buffer layers of

different thickness on SrTiO3 substrates. The lattice constant c increases with increasing
thickness of the buffer layer, whereas the lattice constant a decreases. In other words, the
thicker the buffer layer, the higher is the in-plane compressive strain. Their results are pre-
sented in Table 16.6.
Yuan et al. [76] studied the effect of epitaxial strain on the critical temperature of the

electron-doped superconductor La1.89Ce0.11CuO4. They deposited La1.89Ce0.11CuO4 films
of identical thickness on LaAlO3 (a = 0.3821nm [76]), SrTiO3 (a = 0.3900nm [76]),
and MgO (a = 0.4216nm [76]) substrates. For some films, BaTiO3 buffer layers were
deposited on the substrates. A compressive in-plane strain lowers the Tc of electron-doped
cuprate superconductors, whereas it enhances the critical temperature in hole-doped
high-Tc superconductors. The resistivity versus temperature curves of Yuan et al. [76]
are presented in Figure 16.6. The lowest zero-resistance critical temperature of 7.5K
was measured for a La1.89Ce0.11CuO4 film directly deposited on LaAlO3. As expected,
this is lower than the Tc of 18K found for La1.89Ce0.11CuO4 on SrTiO3. A 20-nm-thick
BaTiO3 buffer layer deposited on the LaAlO3 substrate increased the zero-resistance
Tc of the La1.89Ce0.11CuO4 film to 15K. The critical temperature of La1.89Ce0.11CuO4
films on MgO substrates buffered with 20- and 40-nm-thick BaTiO3 layers is 18.5 and
25K, respectively. As expected, the Tc values are higher than that found for the BaTiO3
buffered LaAlO3. However, the Tc of only 15K of a La1.89Ce0.11CuO4 film directly
deposited on MgO is lower than that found for La1.89Ce0.11CuO4 on SrTiO3, which is in
contrast to expectations. The results are not due to different film thicknesses, which are the
same in all considered La1.89Ce0.11CuO4 films. The relatively low Tc of the nonbuffered



Cuprate Superconductor Films 415

2

1.5

1

0.5

0

–0.5

–1
0 50 100 150 200

La1.89Ce0.11CuO4/

20 nm BaTiO3/LaAIO3

La1.89Ce0.11CuO4/LaAIO3

La1.89C
e0.11

CuO4
/SrTiO3

La1.89
Ce0.11

CuO4
/

20 nm BaTiO3
/MgO

La1.89
Ce0.11

CuO4
/

40 nm BaTiO3
/MgO

250
–0.2

0.2

0.4

0.6

0.8

1

1.2

1.4

0

R
e
s
is

ti
v
it
y

/m
Ω

 c
m

R
e
s
is

ti
v
it
y

/m
Ω

 c
m

Temperature (K)

Figure 16.6 Resistivity vs. temperature of La1.89Ce0.11CuO4 electron-doped cuprate super-
conductor films on LaAlO3, SrTiO3, and BaTiO3 buffered MgO. For electron-doped cuprate
superconductors, an in-plane tensile strain is expected to increase Tc. The critical tempera-
ture of the films is determined not only by epitaxial strain but also by the perfection of the
film growth. As expected, the Tc of 7.5 K of La1.89Ce0.11CuO4 on LaAlO3 (a = 0.3821nm [76])
is lower than the Tc of 18K found for La1.89Ce0.11CuO4 on SrTiO3 (a = 0.3900nm [76]). A
20-nm-thick BaTiO3 buffer layer on the LaAlO3 substrate reduces the lattice mismatch and,
together with improved film quality, leads to a Tc of 15K. The highest Tc of all considered
La1.89Ce0.11CuO4 films of 25K was obtained on MgO (a = 0.4216nm [76]) with a 40-nm-thick
BaTiO3 buffer layer. For smaller buffer layer thickness, the lattice mismatch seems to be too
large to allow high-quality films to be grown, as reflected by reduced Tc values (results from
[76])

MgO substrate suggests that the lattice mismatch of 5.16% is too large for the growth of
high-quality La1.89Ce0.11CuO4 films, leading to a lower Tc [76]. The lattice mismatch is
reduced with increasing thickness of the BaTiO3 buffer layer. For the 40-nm-thick BaTiO3
buffer layer, the lattice mismatch is small enough to allow high-quality La1.89Ce0.11CuO4.
The improved film quality and increased in-plane tensile strain, as compared to the
La1.89Ce0.11CuO4/SrTiO3 system, lead to a Tc of 25K, significantly larger than the 18K
found for the film on SrTiO3.
Hühne et al. [77] used piezoelectric (0 0 1) Pb(Mg0.333Nb0.667)0.72Ti0.28O3 (PMN-PT)

substrates for the deposition of YBa2Cu3O7−x (Y-123) films. The epitaxial growth of
the Y-123 films was monitored by X-ray diffraction. Pronounced cube-on-cube epitaxial
growth of the Y-123 film (a = 0.3823nm, b = 0.388nm) on the PMN-PT substrate
(a = b = 0.4022nm) was observed. To allow the epitaxial strain to be controlled, a
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NiCr/Au electrode on the back of the PMN-PT substrate and an Au cap layer on top of
the Y-123 film are used to apply an electric voltage up to 500V, leading to an electric
field of less than 12.5kV cm–1 across the piezocrystal of 0.4mm thickness. Applied
voltages of ±200V were found to change the transition temperature reversibly by 0.1K.
A voltage of 400V changed the in-plane strain by 0.05% [77]. The results indicate that
piezoelectric single-crystal substrates can be used to study the influence of strain on the
superconducting transition of Y-123 films.

16.5 Summary

In this chapter, the growth conditions and the properties of cuprate high-Tc superconductor
films, except the special case of RE-123 coated conductors, have been described. Films can
be used to study the current-carrying capacity of weak-link-free cuprate superconductors.
In addition, the effect of defects of nanometer size on flux pinning can be investigated.
Cuprate high-Tc superconductor films were deposited by various methods, including PLD,
electron beam evaporation, MBE, magnetron sputtering, MOCVD, and MOD. In the case
of thallium- or mercury-based cuprate superconductors, reactions with poisonous vapor
can be performed in a separate furnace, for example, in an evacuated quartz ampoule, to
avoid the need for decontamination of vacuum chambers and other equipment.
Various single-crystal substrates were used for the preparation of biaxially textured

high-Tc superconductor films. Frequently used single-crystal substrates are SrTiO3, YSZ,
MgO, LaAlO3, and sapphire. For high-quality epitaxial Y-123 films, the critical current
density without applied field exceeds 10MA cm–2 at 4.2K and 1MA cm–2 at 77K. The
critical temperature, achieved in thick epitaxial films, is comparable to the Tc value for the
bulk superconductor in question.
In Pr-123/Y-123 multilayers, the critical temperature of extremely thin Y-123 layers

was found to decrease with increasing thickness of the non-superconducting Pr-123 layers,
indicating that Josephson coupling of adjacent Y-123 layers increases Tc. Furthermore, the
results suggest that a Y-123 film, only a single unit cell in thickness, is superconducting.
The critical temperature of extremely thin high-Tc superconductor films was found to be
reduced as compared to the values achieved in thick films or bulk material.
Interesting effects were observed at the interface of insulating La2CuO4 and overdoped

metallic (La,Sr)2CuO4 films. In spite of the fact that both are non-superconducting as
individual films, high-Tc superconductivity was observed at their interface. The results
suggest that holes are transferred from the overdoped metal to the insulator providing at
their interface a concentration of mobile holes appropriate for the occurrence of high-Tc
superconductivity.
The mismatch of the lattice parameters of the substrate and the high-temperature super-

conductor in question causes strains in thin epitaxial films. The transition temperature was
found to be changed by epitaxial strain. A similar effect is the dependence of Tc on the
applied pressure. Using piezocrystal substrates, the strain in thin Y-123 films can be con-
trolled by the application of a voltage to the piezocrystal. Changes in the voltage were
found to be accompanied by reversible changes of the critical temperature.
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the buffer layer on the growth of superconducting films based on mercury, Supercond.
Sci. Technol., 20, 900–903 (2007).

47. K. Char, A.D. Kent, A. Kapitulnik, M.R. Beasley, and T.H. Geballe, Reactive mag-
netron sputtering of thin-film superconductor YBa2Cu3O7−x, Appl. Phys. Lett., 51,
1370–1372 (1987).

48. D.K. Lathrop, S.E. Russek, and R.A. Buhrman, Production of YBa2Cu3O7−y super-
conducting thin films in situ by high-pressure reactive evaporation and rapid thermal
annealing, Appl. Phys. Lett., 51, 1554–1556 (1987).

49. D. Kumar, M. Sharon, R. Pinto, P.R. Apte, S.P. Pai, S.C. Purandare, L.C. Gupta,
and R. Vijayaraghavan, Large critical currents and improved epitaxy of laser ablated
Ag-doped YBa2Cu3O7−𝛿 thin films, Appl. Phys. Lett., 62, 3522–3524 (1993).

50. D.B. Buchholz, J.S. Lei, S. Mahajan, P.R. Markworth, R.P.H Chang, B. Hinds, T.J.
Marks, J.L. Schindler, C.R. Kannewurf, Y. Huang, and K.L. Merkle, In-plane orienta-
tion control of (0 0 1) YBa2Cu3O7−𝛿 grown on (001) MgO by pulsed organometallic
beam epitaxy, Appl. Phys. Lett., 68, 3037–3039 (1996).

51. R.A. Rao, Q. Gan, C.B. Eom, Y. Suzuki, A.A. McDaniel, and J.W.P. Hsu, Uniform
deposition of YBa2Cu3O7 thin films over an 8 inch diameter area by a 90∘ off-axis
sputtering technique, Appl. Phys. Lett., 69, 3911–3913 (1996).

52. P. Selvam, E.W. Seibt, D. Kumar, R. Pinto, and P.R. Apte, Enhanced Jc and improved
grain-boundary properties in Ag-doped YBa2Cu3O7−𝛿 fims, Appl. Phys. Lett., 71,
137–139 (1997).

53. B. Utz, S. Rieder-Zecha, and H. Kinder, Continuous YBa2Cu3O7−𝛿 film deposition by
optically controlled reactive thermal co-evaporation, IEEE Trans. Appl. Supercond., 7,
1181–1184 (1997).

54. R.J. Kennedy, W.P. Tucker, and P.A. Stampe, Growth of YBa2Cu3O7 on silicon and
LaAlO3 with MgO buffer layers, Physica C, 314, 69–72 (1999).

55. W.H. Tang and J. Gao, The relation between c-axis lattice parameter and supercon-
ducting transition temperature of NdBa2Cu3Oy thin films, Physica C, 313, 115–120
(1999).

56. C. Cancellieri, A. Augieri, V. Boffa, G. Celentano, L. Ciontea, F. Fabbri, V. Galluzzi,
U. Gambardella, G. Grassano, T. Petrisor, and R. Tebano., Deposition and charac-
terization of Y1−xCaxBa2Cu3O7−𝛿 epitaxial films, IEEE Trans. Appl. Supercond., 15,
3038–3041 (2005).

57. X.M. Cui, G.Q. Liu, J. Wang, Z.C. Huang, Y.T. Zhao, B.W. Tao, and Y.R. Li,
Enhancement of critical current density of YBa2Cu3O7−𝛿 thin films by nanoscale
CeO2 pretreatment of substrate surfaces, Physica C, 466, 1–4 (2007).

58. T. Tanaka, K. Tada, N. Mori, K. Yamada, R. Teranishi, M. Mukaida, Y. Shiohara, T.
Izumi, and J. Matsuda, Deposition process, microstructure and properties of YBCO
film fabricated by advanced TFA-MODmethod,Physica C, 463–465, 527–531 (2007).

59. J.H. Lim, S.H. Jang, K.T. Kim, S.M. Hwang, J. Joo, H.-J. Lee, H.-G. Lee, and G.-W.
Hong, The effect of film thickness on critical properties of YBCO film fabricated by
TFA-MOD using 211-process, Physica C, 463–465, 532–535 (2007).

60. I. Yamaguchi, M. Sohma, K. Tsukada, W. Kondo, K. Kamiya, T. Kumagai, and T.
Manabe, Preparation of large-size Y-123 films on CeO2-buffered sapphire substrates
by MOD using a low-cost vacuum technique, Physica C, 463–465, 549–553 (2007).



Cuprate Superconductor Films 421

61. M. Saluzzo, G.M. de Luca, D.Marrè, M. Putti, M. Tropeano, U. Scotti di Uccio, and R.
Vaglio, Thickness effect on the structure and superconductivity of Nd1.2Ba1.8Cu3O7+x
epitaxial films, Physica C, 460–462, 724–725 (2007).

62. S. Karimoto, H. Sato, H. Shibata, and T.Makimoto, Deposition of NdBa2Cu3O7−𝛿 thin
films on large area of over 5 in. diameter, Physica C, 463–465, 927–929 (2007).

63. A.V. Pan, S.V. Pysarenko, D. Wexler, S. Rubanov, M. Ionescu, and S.X. Dou, Multi-
layered deposition and its role in the enhancement of YBa2Cu3O7 film performance,
Physica C, 460–462, 1379–1380 (2007).

64. H.S. Kim, H.S. Ha, T.H. Kim, J.S. Yang, R.K. Ko, K.J. Song, D.W. Ha, N.J. Lee, S.S.
Oh, J. Youm, and Chan Park , The deposition of Sm1Ba2Cu3O7−𝛿 on SrTiO3 using
co-evaporation method, Physica C, 460–462, 1361–1362 (2007).

65. S. Ghalsasi, Y.X. Zhou, J. Chen, B. Lv, and K. Salama, MODmulti-layer YBCO films
on single-crystal substrate, Supercond. Sci. Technol., 21, 045015 (2008).

66. J.W. Lee, G.M. Shin, S.H. Moon, and S.I. Yoo, High-Jc GdBa2Cu3O7−𝛿 films fabri-
cated by the metal-organic deposition process, Physica C, 470, 1253–1256 (2010).

67. J.-M. Triscone, Ø. Fischer, O. Brunner, L. Antognazza, A.D. Kent, and M.G. Karkut,
YBa2Cu3O7/PrBa2Cu3O7 superlattices: Properties of ultra-thin superconducting
layers separated by insulating layers, Phys. Rev. Lett., 64, 804–807 (1990).

68. T. Terashima, K. Shimura, Y. Bando, Y. Matsuda, A. Fujiyama, and S. Komiyama,
Superconductivity of one-unit-cell thick YBa2Cu3O7 thin film, Phys. Rev. Lett., 67,
1362–1365 (1991).

69. G. Logvenov, A. Gozar, and I. Bozovic, High-temperature superconductivity in a sin-
gle copper-oxygen plane, Science, 326, 699–702 (2009).

70. S. Smadici, J.C.T. Lee, S. Wang, P. Abbamonte, G. Logvenov, A. Gozar, C. Deville
Cavellin, and I. Bozovic, Superconducting transition at 38K in insulating-overdoped
La2CuO4-La1.64Sr0.36CuO4 superlattices: Evidence for interface electronic redistribu-
tion from resonant soft X-ray scattering, Phys. Rev. Lett., 102, 107004 (2009).

71. A. Gozar, G. Logvenov, L. Fitting Kourkoutis, A.T. Bollinger, L.A. Giannuzzi, D.A.
Muller, and I. Bozovic, High-temperature interface superconductivity between metal-
lic and insulating copper oxides, Nature, 455, 782–785 (2008).

72. O. Yuli, I. Asulin, O. Millo, D. Orgad, L. Iomin, and G. Koren, Enhancement of the
superconducting transition temperature of La2−xSrxCuO4 bilayers: Role of pairing and
phase stiffness, Phys. Rev. Lett., 101, 057005 (2008).

73. J.-P. Locquet, J. Perret, J. Fompeyrine, E. Mächler, J.W. Seo, and G. Van Tendeloo,
Doubling the critical temperature of La1.9Sr0.1CuO4 using epitaxial strain,Nature, 394,
453–456 (1998).

74. T. Sekitani, H. Sato, M. Naito, and N. Miura, High-field magnetotransport in strained
(La,Sr)2CuO4 films, Physica C, 378–381, 195–198 (2002).

75. W. Si, H.-C. Li, and X.X. Xi, Strain and oxygenation effects on superconductivity of
La1.85Sr0.15CuO4 thin films, Appl. Phys. Lett., 74, 2839–2841 (1999).

76. J. Yuan, S.J. Zhou, K. Jin, H. Wu, B. Xu, X.G. Qiu, and B.R. Zhao, In-plane stress
effect on the electron-doped superconductor La1.89Ce0.11CuO4 thin films, Physica C,
468, 1876–1878 (2008).

77. R. Hühne, D. Okai, K. Dörr, S. Trommler, A. Herklotz, B. Holzapfel, and L. Schultz,
Dynamic investigations on the influence of epitaxial strain on the superconducting
transition in YBa2Cu3O7−x, Supercond. Sci. Technol., 21, 075020 (2008).





17
MgB2 – An

Intermediate-Temperature
Superconductor

17.1 Introduction

The discovery by Akimitsu et al. [1] in 2001 that MgB2 is superconducting at a remarkably
high temperature of 39K was a big surprise. Before the discovery of MgB2, the critical
temperature of 23.2K, found for Nb3Ge in 1974 [2–4], was the highest known Tc-value in
a binary intermetallic compound. The discovery of the superconductivity of this compound
was unexpected because it had been known since the 1950s. In an article in “Science” soon
after the discovery, Campbell [5] used the title “How could we miss it?”, reflecting the
surprise of the scientific community.
Immediately after the discovery of superconductivity in MgB2, the question of whether

its grain boundaries are weak links, as in the cuprate high-Tc superconductors, was
addressed by Larbalestier et al. [6]. They found that the current-carrying capacity of
polycrystalline MgB2 samples is dominated by flux pinning, with jc

0.5H0.25 being linear
in H over a wide range of temperature (jc critical current density, H magnetic field), as in
Nb3Sn. Together with the absence of grain-boundary weak links, the results of Larbalestier
et al. [6] suggest that MgB2 is more similar to low-Tc metallic superconductors than to
high-Tc cuprate superconductors.
The lowmaterial cost and the absence of grain-boundaryweak linksmakeMgB2 an inter-

esting material for applications, in spite of the only moderately high critical temperature of
39K. As a consequence of the absence of grain-boundary weak links, no texture is required
to reach high transport critical current densities; hence, the manufacture of MgB2 conduc-
tors is much easier than that of coated conductors with biaxial alignment of the grains in
the superconducting RE-123 layer. If manufacturing costs are sufficiently low, MgB2 may
be competitive with NbTi at operating temperatures close to 4K. In addition, MgB2 may
be interesting at relatively low fields (∼2–4T) and operating temperatures of 20K.

Physical Properties of High-Temperature Superconductors, First Edition. Rainer Wesche.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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17.2 Physical Properties of MgB2

The first aspect to be considered is the crystal structure of MgB2. A sketch of the hexagonal
crystal structure (space group P6/mmm) with the lattice parameters a = 0.3086nm and
c = 0.3524nm is presented in Figure 17.1 [1]. The space group symbol indicates a primitive
unit cell, with sixfold rotational symmetry and three mirror planes. In the crystal structure
of MgB2, layers of magnesium and boron alternate along the crystallographic c direction.
In the boron layer, the atoms are arranged in the same way as the carbon atoms in graphite,
i.e., each boron atom is surrounded by three other boron atoms at the same distance. In the
magnesium layer, each magnesium atom is in the center of a regular hexagon formed by
six other Mg atoms. The layered crystal structure causes anisotropic material properties.
A sketch of the typical X-ray powder diffraction pattern is shown in Figure 17.2. The

intensities and line positions are based on the results of measurements using CuK𝛼 radia-
tion published by Akimitsu et al. [1].
In conventional metallic superconductors, the pairing of two single electrons to a Cooper

pair originates from the electron–phonon interaction (see Chapter 3). According to the BCS
theory, the critical temperature Tc is proportional to the Debye frequency 𝜔D (see Equation
3.8, Chapter 3), the cut-off frequency of the phonon spectrum in a solid. Considering the
atoms in a solid as harmonic oscillators, the phonon frequency is expected to be propor-
tional toM−1∕2 for isotopes of the same element. In fact, this isotope effect on Tc is found in
many simple metallic superconductors (see Chapter 3). For this reason, the isotope effect
on Tc was studied in isotopically pure Mg10B2 and Mg11B2 by Bud’ko et al. [7]. They
measured transition temperatures (2% onset criterion) of 39.2K and 40.2K forMg11B2 and

Mg
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Figure 17.1 Sketch of the hexagonal crystal structure of MgB2 (space group P6/mmm) with
alternating layers of boron and magnesium. The lattice parameters of MgB2 are a = 0.3086 nm
and c = 0.3524 nm (adapted from [1])
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Figure 17.2 Sketch of the Cu K𝛼 diffraction pattern of MgB2 (results from [1])

Mg10B2, respectively. As expected, the critical temperature of the compound containing the
lower mass isotope is enhanced. Next, the partial boron isotope-effect exponent, defined as
𝛽B = Δ lnTc ∕Δ ln MB (where MB is the atomic mass of boron), is considered. From the
experimental data, a value of 𝛽B = 0.26 ± 0.03 was found [7]. The exponent 𝛽B indicates
that boron phonons contribute to the superconductivity of MgB2. Hinks et al. [8] studied
the magnesium isotope effect using isotopically pure 26MgB2 and

24MgB2 samples. The
measured difference of the critical temperatures is only 0.1K, leading to a partial mag-
nesium isotope effect 𝛽Mg = 0.02. This very small effect suggests that the pairing of the
electrons is dominated by boron phonons. Thus, MgB2 seems to be a conventional metallic
superconductor. The unusually high critical temperature of MgB2 seems to be the conse-
quence of the occurrence of high phonon frequencies because of the small atomic mass
of boron.
Although the pairing of the electrons is mediated by the electron–phonon interaction,

MgB2 shows more complex physical properties than simple metallic superconductors
because of the existence of two superconducting energy gaps. The electronic structure
of MgB2 is similar to that of graphite. MgB2 may be considered as metallic layers of
boron with intercalated layers of Mg2+ ions (see Figure 17.1) [9]. The highest occupied
electronic states at the Fermi level are mainly 𝜎-(spxpy) or 𝜋-bonding boron orbitals (pz)
[9–11]. A unique feature of MgB2 is that the two 𝜎-bands are incompletely filled. The
electrons of the 𝜎-bands are confined in the boron planes. The electrons of the boron
pz orbitals fill two three-dimensional metallic 𝜋-bands. As compared to graphite, the
energy of the nonbonding boron 𝜋(pz) bands is lowered relative to the bonding boron
𝜎(spxpy) bands. As a consequence, charge is transferred from the 𝜎- to 𝜋-bands, forming
hole-doped 𝜎-bands. The results of band calculations indicate that the superconductivity of
MgB2 is dominated by the 𝜎-band holes [9]. The 𝜎-band states and the in-plane vibrations
of the boron atoms are strongly coupled, leading to strong pairing with an energy gap
of around 7meV [10]. This strong pairing, confined to the boron planes, occupies only
parts of the Fermi surface. In addition, much weaker electron pairs are formed by the
𝜋-band electronic states on the remaining parts of the Fermi surface. The energy gap
related to the 𝜋-band is around ∼2meV [10]. Calculations of Choi et al. [12] provide
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partial isotope-effect exponents 𝛽B = 0.32 and 𝛽Mg = 0.03, which are in good agreement
with the measured values of 𝛽B = 0.26 ± 0.03 [7] and 𝛽Mg = 0.02 [8]. The reduction of
𝛽B as compared to the expected value of 0.5 is caused by inharmonic effects among the
phonons involved [12]. Since the discovery of superconductivity at 39K in MgB2, a large
number of calculations have been performed, providing evidence for two superconducting
gaps in MgB2 [10–16]. Experimental evidence for a two-gap scenario was found by
angle-resolved photo electron spectroscopy [17, 18], scanning tunneling spectroscopy
[19], point-contact Andreev-reflection spectroscopy (PCAR) [20–25], the specific heat
jump at the normal-superconductor transition [26–28], and the behavior of Bc2 versus T
close to Tc [29–31].
Figure 17.3 shows the half-widthsΔ of the two gaps in MgB2, as measured by tunneling

spectroscopy [19] and PCAR [22–25]. A description of PCAR can be found in a review
article by Daghero and Gonnelli [21]. The solid symbols show the values of the half-width
Δ of the energy gap related to the 𝜎-band. The measured data indicate that Δ

𝜎
(T = 0)

is between 6.5 and 8meV, which leads to 2Δ𝜎(T = 0)∕kBTc≈4.2forΔ≈7meV and Tc =
39K. This value is slightly higher than the value of 2Δ(0)∕kBTc = 3.5 predicted by the
BCS theory and frequently observed in elemental metallic superconductors (see Figure
3.4 in Chapter 3). The crosses and the open symbols represent the measured values of the
half-width Δ of the energy gap related to the 𝜋-band. From the data, a value between 1.9
and 2.8meV can be estimated for Δ

𝜋
(0). For the weakly bonded pairs originating from
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Figure 17.3 Comparison of the predicted temperature dependences [12, 16] of the
half-widths of the 𝜎- and 𝜋-band gaps Δ
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(T) with the measured data [19, 22–25]
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the 𝜋-bands, the ratio of 2Δ
𝜋
(0)∕kBTc is between 1.1 and 1.7. For comparison, theoretical

predictions of the temperature dependence of the half-width of the energy gap Δ published
by Choi et al. [12] and by Brinkman et al. [16] are also shown in Figure 17.3. The measured
data agree more or less with the theoretical predictions. The values of the half-width of the
gap calculated by Choi et al. [12] can be approximated by the expression

Δ(T) = Δ(0)
(
1 −

(
T
Tc

)p)1∕2

(17.1)

The fit parameters for the 𝜎 gap are p = 2.9 and Δ(0) = 6.8meV, and p = 1.8 and Δ(0) =
1.8meV for the 𝜋 gap. An interesting aspect is the fact that despite the significantly different
energy scales for the two gaps, they close at the same temperature. The reason for this
behavior is the coupling between the 𝜎- and 𝜋-bands, which leads to a single Tc, and to
values of the ratio 2Δ(0)∕kBTc which are less than and greater than the BCS value of 3.5,
for the 𝜋- and 𝜎-bands, respectively [21].
The existence of two gaps in MgB2 causes a non-BCS shape of the electronic spe-

cific heat. In Figure 17.4, calculations of the electronic specific heat Cse of MgB2 in the
superconducting state, for single- and two-gap scenarios (results from [10]), are compared.
The data are normalized to the electronic specific heat Cne = 𝛾T in the normal state with
𝛾 = 2.6mJmole−1 K−2 [10]. The temperature is normalized to the critical temperature of
39.4K used in the calculations. Due to the existence of the smaller 𝜋-band gap, the specific
heat below 0.5Tc is considerably enhanced in the two-gap scenario. On the other hand, the
jump in the electronic specific heat at Tc is smaller than that expected for a single-gap BCS
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Figure 17.4 Comparison of the calculated electronic specific heats Cse of MgB2 normalized
to the normal state electronic specific heat Cne = 𝛾T (𝛾 = 2.62mJ mole−1 K−2) for single- and
two-gap scenarios. The existence of the second smaller 𝜋 gap leads to a considerably enhanced
specific heat below 0.5 Tc, whereas the jump in the specific heat at Tc is reduced as compared
to a single-gap scenario (results from [10])
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Figure 17.5 Upper critical field of MgB2 vs. temperature for dense polycrystalline bulk mate-
rial and two single crystals. The upper critical field at T = 0 is for B || ab a factor 2.6 [31] to 4.5
[29] higher than that for B ⊥ ab. An interesting feature is the decrease of the absolute value of
dBc2/dT with increasing temperature close to Tc, which has been attributed to the presence
of two gaps in MgB2 (results from [29–31])

superconductor. Measured specific heat data show these two features, which are character-
istic of a two-gap superconductor.
Figure 17.5 shows the upper critical field of dense polycrystalline bulk material and two

MgB2 single crystals as a function of temperature [29–31]. As expected, the upper critical
field depends on the direction of the applied magnetic field with respect to the boron planes
(ab planes). Zehetmayer et al. [29] estimated that the upper critical field of MgB2 at T = 0
is 14.5 T for B||ab, but only 3.2 T for B||c. The resulting ratio of Bc2,ab to Bc2,c is∼4.5.
For a single-gap superconductor, the temperature dependence of the thermodynamic

critical field Bc is typically well described by the expression Bc(T) = Bc(0)(1 − (T∕Tc)2)
(Equation 2.25 Chapter 2), which leads to dBc(T)∕dT = −2T(Bc(0)∕Tc

2). The absolute
value of the temperature derivative of the critical field increases with temperature, and
reaches its highest value at Tc. The upper critical field and the thermodynamic critical
field are related by the expression Bc2 = 𝜅Bc

√
2 (Equation 4.20 Chapter 4), where 𝜅 is the

Ginzburg–Landau parameter. In contrast to expectation, the absolute value of the temper-
ature derivative of Bc2 of MgB2 decreases close to Tc as illustrated in Figure 17.5. This
special feature of the Bc2 versus T curves is a further evidence for the existence of two gaps
in MgB2.
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Next, the angular dependence of the upper critical field of MgB2 will be considered.
Using the ratio 𝛾a = Bc2,ab∕Bc2,c, the angle dependence of Bc2 can be well described by the
formula [32]

Bc2(𝜃) =
Bc2,ab√

𝛾a
2cos2(𝜃) + sin2(𝜃)

(17.2)

Here, 𝜃 is the angle between the direction of the applied magnetic field and the crys-
tallographic c-axis. Figure 17.6 shows the angular dependence of Bc2 calculated with
Equation 17.2 for values of 𝛾a in the range of 2–10. The calculated values of Bc2 are
normalized to Bc2,ab. Values of Bc2,ab, Bc2,c, and the anisotropy factor 𝛾a reported in
the literature are listed in Table 17.1. The anisotropy factor decreases with increasing
temperature, and hence is lowest close to the critical temperature. At temperatures below
15K, the values of the anisotropy factor are in the range of 1.4–6. Values of 2 or less were
reported for MgB2 films. In pure MgB2, the upper critical field is between 15 and 20 T.
Much higher values of Bc2 were reported for carbon-doped material and MgB2 films (see
Figure 17.7).
As in the case of the cuprate high-Tc superconductors, the critical current density of

MgB2 drops to zero at the irreversibility field Birr, well below the upper critical field Bc2.
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Table 17.1 Measured upper critical fields Bc2,ab, Bc2,c, and anisotropy factor 𝛾a of MgB2

Bc2,ab (T) Bc2,c (T) 𝛾a = Bc2,ab∕Bc2,c Comments Reference

14.5 3.18 4.6 Estimation for T = 0 [29]
∼15 ∼4.8 ∼3.2 Estimation for T = 0 [30]
19.8 7.7 2.6 Estimation for T = 0 [31]
∼17 ∼3.5 5 (low T), 2 close to Tc Estimated Bc2 values at T = 0 [33]
∼23 – 6 at 15 K, 2.8 at 35 K Estimated Bc2 value at T = 0 [34]
25.5 9.2 2.8 Linear extrapolation to T = 0 [35]
26.4 14.6 1.8 MgB2 film estimation for T = 0 [36]
19.6 13.8 1.4 MgB2 film estimation for T = 0 [36]

At the irreversibility field the flux line pinning vanishes, and hence the critical current
density drops to zero. Figure 17.7 shows the irreversibility fields and the upper critical fields
of various MgB2 conductors. The measured irreversibility field depends on the criterion
used to define a vanishing critical current density, i.e., a jc small enough to be considered
as zero. For magnetic fields parallel to the boron (ab) planes, the irreversibility fields and
the upper critical fields of MgB2 single crystals [30, 37, 38] are presented in Figure 17.7
(a). The irreversibility field reaches ∼70–85% of the upper critical field at 25K. The irre-
versibility fields and the upper critical fields for magnetic fields perpendicular to the boron
planes are presented in Figure 17.7 (b). The ratio Birr/Bc2 ranges from 55% to 80% at
15K [30, 37, 38]. Figure 17.7 (c) shows the irreversibility and upper critical field data of
MgB2 tapes [39, 40], wires [41], and bulk material [42]. A comparison of pure and 5%
carbon-doped MgB2 tapes indicates that the carbon doping enhances both the upper crit-
ical and the irreversibility field, whereas the critical temperature is reduced. Additions of
C, SiC, and multiwalled carbon nanotubes are found to increase the upper critical field as
well as the irreversibility field (see Figure 17.7).
Impurities decrease the mean free path Lel of the electrons, which causes an enhanced

normal-state resistivity. The relations between the upper critical field, the normal-state
resistivity, and the mean free path of the electrons in MgB2 have been discussed in a review
article by Eisterer [32]. The upper critical field and the mean free path Lel of the electrons
are connected by Equation 17.3 [32]

Bc2 = Bc2
clean

(
1 +

𝜉0

Lel

)
(17.3)

where Bc2
clean is the upper critical field in the clean limit and 𝜉0 is the BCS value of the

coherence length:

𝜉0 =
ℏvF
𝜋Δ

(17.4)

Here, vF is the Fermi velocity of the electrons and Δ is the superconducting energy gap.
Because the superconductivity in the 𝜋-band is strongly suppressed at high magnetic fields,
the upper critical field of MgB2 is mainly determined by the properties of the 𝜎-band [32].
Equation 17.3 indicates that the shortening of the mean free path caused by impurities
enhances the upper critical field. For a quantitative description of the upper critical field,
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Figure 17.7 Irreversibility and upper critical fields vs. temperature of various MgB2 samples.
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critical fields of MgB2 wires, tapes, and bulk material (results from [39–42])
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Figure 17.7 (continued)

the decrease of the critical temperature of MgB2 with increasing disorder needs to be taken
into account, leading to

Bc2 = Bc2
clean

⎡⎢⎢⎣
(

Tc
Tc

clean

)2

+
𝜉0

Lel

Tc
Tc

clean

⎤⎥⎥⎦ (17.5)

with Tc
clean = 39.43K and Bc2,ab = 13.8T in the clean limit [32]. The Bc2 value of 14.5 T,

measured by Zehetmayer et al. [29], is close to the estimated value for the clean limit.
The main physical properties of MgB2 are listed in Table 17.2. MgB2 is a Type II super-

conductor with a Ginzburg–Landau parameter of the order of 30. The coherence length
is of the order of ∼2.5nm along the c-direction and around 7 nm in the ab planes. The
penetration depth 𝜆c (screening current along the c-direction) reaches a value of 370 nm,
whereas 𝜆ab (screening current flow within the ab planes) is only around 80 nm. In poly-
crystalline samples, penetration depths between 110 and 180 nm have been reported. The
upper critical field of “dirty” MgB2 films can reach values as high as 60 T. In general, the
upper critical fields in MgB2 wires, tapes, and bulk material are much lower than in “dirty”
MgB2 films. In any case, the practical use of MgB2 is limited by the irreversibility field
Birr, which can exceed 20 T at 4.2 K in MgB2 tapes (see Table 17.2), but is still not high
enough to allow Nb3Sn high-field superconductors to be replaced. On the other hand, the
extremely high upper critical fields of “dirty” films suggest that there is still some potential
for further improvements of MgB2 wires and tapes.
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Table 17.2 Physical properties of MgB2

Parameter Value Comments Reference

Critical temperature
Tc (K) 39 MgB2, natural mixture of 10B and 11B isotopes [1]
Tc (K) 40.2 Mg10B2, isotope pure sample [7]
Tc (K) 39.2 Mg11B2, isotope pure sample [7]
Crystal structure and lattice parameters
a (nm) 0.3086 Hexagonal crystal structure [1]
c (nm) 0.3524 Space group P6/mmm [1]
Lower and upper critical fields, irreversibility field
Bc1,ab(mT) 22 Single crystal T = 0, B||ab [29]
Bc1,c(mT) 63 Single crystal T = 0, B||c [29]
Bc1(mT) 18 Polycrystalline T = 0 [43]
Bc1(mT) 24 Polycrystalline T = 0 [38]
Bc2,ab(T) 14.5 Single crystal T = 0, B||ab [29]
Bc2,c(T) 3.18 Single crystal T = 0, B||c [29]
Bc2(T) 14 Polycrystalline T = 0 [43]
Bc2(T) 16.4 MgB2 wires, T = 0 [44]
Bc2(T) 43 Magnesium-rich MgB2 thin film [45]
Bc2(T) ∼60 MgB2 thin film, C-doped, T = 0 [46]
Bc2,ab(T) 38.6 MgB2 thin film, T = 0, Tc = 30.4K [47]
Bc2,c(T) 19.5 MgB2 thin film, T = 0, Tc = 30.4K [47]
Birr(T) 22.9 Fe-sheathed MgB2 tapes, C-doped, T = 4.2K [39]
Birr(T) 14.5 MgB2 tapes with CuNi/Nb sheath, T = 4.2K [48]
Birr(T) 25.5 MgB2/Fe tape, SiC-doped, T = 4.2K [49]
Coherence length and penetration depth
𝜉ab(nm) 10.2 Single crystal, T = 0 [29]
𝜉c(nm) 2.3 Single crystal, T = 0 [29]
𝜉ab(nm) 8.2 Single crystal, T = 0 [30]
𝜉c(nm) 2.7 Single crystal, T = 0 [30]
𝜉ab(nm) 6.5 Single crystal, T = 0 [31]
𝜉c(nm) 2.5 Single crystal, T = 0 [31]
𝜉ab(nm) 6.8 Single crystal, T = 0 [37]
𝜉c(nm) 2.3 Single crystal, T = 0 [37]
𝜉(nm) 4.9 Polycrystalline, T = 0 [43]
𝜉ab(nm) 7.0 Aligned MgB2 crystals, T = 0 [50]
𝜉c(nm) 4.0 Aligned MgB2 crystals, T = 0 [50]
𝜉(nm) 5.38–6.06 MgB2 bulk samples, T = 20K [51]
𝜆ab(nm) 82 Single crystal, T = 0 [29]
𝜆c(nm) 370 Single crystal, T = 0 [29]
𝜆(nm) 180 Polycrystalline, T = 0 [43]
𝜆(nm) 110–140 T = 0 [52]
Ginzburg–Landau parameter 𝜅 = 𝜆∕𝜉,𝜅ab = (𝜆ab𝜆c∕𝜉ab𝜉c)0.5, 𝜅c = 𝜆ab∕𝜉ab
𝜅ab 37.1 T = 0 [29]
𝜅c 8.1 T = 0 [29]
𝜅 38 T = 0 [43]
𝜅 ∼25 T = 0 [53]
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The resistivity versus temperature curves of various types of MgB2 conductors are pre-
sented in Figure 17.8 [31, 54–62]. The normal-state resistivity of MgB2 is typically char-
acterized by the residual resistivity 𝜌0 at a temperature of 42K just above Tc, and the
residual resistivity ratio (RRR) is defined as 𝜌(300K)∕𝜌0. As in other metals, the resis-
tivity increases with increasing amount of impurities and defects present in the material.
The top panel of Figure 17.8 shows the resistivity data of a MgB2 single crystal [31], two
polycrystalline samples [55], and two MgB2 films [54, 56]. The residual resistivity of the
MgB2 single crystal is 𝜌0∼2.5μΩcm, while the resistivity at 270 K increases to around
16μΩcm. Extrapolation of the data to 300 K leads to a value of 𝜌(300K)∼18μΩcm lead-
ing to a residual resistivity ratio of ∼7.2. The resistivity of the two polycrystalline samples
[55] is to a first approximation a factor of 2 different in the considered temperature range of
40–300K. The difference of the resistivity of the two samples originates from handling the
MgB2 powders under different atmospheric conditions. Milling of the MgB2 powder in dry
nitrogen reduces the resistivity as compared to the sample made of powders milled in moist
air. The sensitivity of MgB2 powders to handling in different atmospheres can explain dif-
ferent results for polycrystalline samples, which are otherwise identical. The values of the
resistivity of the two MgB2 films presented in the top panel of Figure 17.8 are relatively
high with 𝜌0 values of 16μΩcm [56] and 30μΩcm [54], and residual resistivity ratios of
∼1.8 and∼1.5, respectively. Both the high 𝜌0 values and the small residual resistivity ratios
suggest that many defects and perhaps some oxygen impurities are present in these films.
The data [57–62], presented in the bottom panel of Figure 17.8, indicate that the residual
resistivity of undoped MgB2 films can reach values as low as 0.29μΩcm [57]. In general,
the residual resistivity ratio was found to be higher for MgB2 films with a lower residual
resistivity. For example, the RRR reached a value of ∼15 for a 150-nm-thick MgB2 film
with 𝜌0∼0.58μΩcm [60], while the RRR value is as small as 2.3 for a 400-nm-thick MgB2
film on Al2O3, characterized by 𝜌0∼6.2μΩcm [62].
In order to increase the upper critical field, MgB2 is frequently doped with carbon.

Zhuang et al. [60] investigated the effect of carbon doping on the resistivity of MgB2 films.
The residual resistivity 𝜌0 of the MgB2 films at 42 K increases from ∼0.58μΩcm for an
undoped film to more than 10000μΩcm for a carbon content of 37 at%. The enhancement
of the residual resistivity is accompanied by a reduction of the critical temperature. Carbon
doping of ≥ 39at% leads to nonsuperconducting MgB2 films. The RRR decreases from a
value around 15 for the undoped film to values close to 1 for carbon contents above 15 at%.
Specific heat data for the zero applied field and temperatures between 10 and 300 K are

presented in Figure 17.9. The specific heat reaches a value of around 48Jmole−1 K−1 at a
temperature of 300 K [43, 63], which is only 2/3 of the Dulong–Petit equipartition value
of 3 × 3R = 9R (74.83Jmole−1 K−1). The value of 48Jmole−1 K−1 at 300 K suggests that
the effective Debye temperature reaches an extremely high value of 920 K [43]. The factor
of 3 takes into account that one mole of MgB2 is equivalent to three gram atoms. Collings
et al. [63] reported Debye temperatures between 600 and 745 K for doped and undoped
MgB2 samples. For the purpose of better readability, the low temperature specific heat data
of Rao et al. [64] are presented in Figure 17.9 using secondary temperature and specific
heat axes (see for a comparison the specific heat data of cuprate high-Tc superconductors
in Chapter 13).
The thermal conductivity data of a MgB2 single crystal [65], two bulk samples [66], and

one polycrystalline sample [67] are compared in Figure 17.10. The thermal conductivity
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Figure 17.8 Resistivity vs. temperature of various MgB2 conductors. Top panel: MgB2 single
crystal [31], two polycrystalline samples [55], and two MgB2 films with relatively large residual
resistivity [54, 56]. Bottom panel: resistivity of various MgB2 films. The details are described in
the text. The arrows indicate which axes are to be used (results from [57–62])
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increases with decreasing residual resistivity. For the single crystal with 𝜌0 = 2.05μΩcm,
the thermal conductivity reaches a maximum value of 120Wm−1 K−1 at a temperature
of 70 K [65]. On the other hand, the thermal conductivity of the polycrystalline sample
with 𝜌0 = 14μΩ cm shows no pronounced maximum at low temperatures, and is less than
26Wm−1 K−1 over the whole temperature range considered. In general, the thermal con-
ductivity data show no pronounced anomaly at the critical temperature. The electronic and
the phonon contributions to the thermal conductivity are comparable in the normal con-
ducting state, and below 0.4Tc the lattice contribution dominates [67].

17.3 MgB2 Wires and Tapes

MgB2 wires and tapes are typically manufactured by the powder-in-tube (PIT) method. In
the ex situ route, reacted MgB2 powder is used for wire or tape manufacture, whereas the
in situ route starts from amixture of unreactedmagnesium and boron powders. Figure 17.11
(a) shows the manufacture of mono-core and multifilament MgB2 wires by the in situ PIT
process as described by Jiang et al. [68] and Huŝek and Kováĉ [69]. In the manufacture of
the mono-core wire [68], a stoichiometric mixture of MgH2 and amorphous boron powders
was filled into pure iron tubes of 6.2mm outer and 3.35mm inner diameter. To improve
the pinning properties of the MgB2 wires, 5 or 10mol% nano-SiC powder with a particle
size of around 30 nm was added to the powder mixture. The composite was groove-rolled
into a rectangular wire of 2mm × 2mm cross section. Next, the MgB2/Fe composites were
drawn to a round wire of 1.45mm diameter, which was preannealed at a temperature of
600 ∘C for 15min under flowing argon. The preannealed MgB2/Fe wire was drawn to a
final diameter of 1.1mm and heat treated at 600 ∘C for 1 h under flowing argon. The heat
treatment is required to form the desired MgB2 compound from the initial powder mixture.
The formation of MgB2 is accompanied by shrinkage of the wire core originating from the
fact that the X-ray density of MgB2 of 2.62g∕cm3 is larger than the densities of MgH2,
Mg, and B of 1.45, 2.34, and 1.74g∕cm3, respectively. Huŝek and Kováĉ [69] started the
manufacture of MgB2/Ti/Cu/stainless steel multifilament wires from a powder mixture of
Mg, B, and 5wt% SiC. In the first step, a Ti/Cu composite tube was filled with the pow-
der mixture. The inner Ti tube acts as a diffusion barrier to avoid a reaction of MgB2 and
copper. The copper is required for electrical stabilization of the MgB2 multifilament super-
conductor. The composite was drawn to form mono-core wires of 1.15mm diameter, 19
of which were inserted into a stainless steel tube of 6mm inner and 8mm outer diameter,
which was cold drawn to a final diameter of 0.86mm. The desired MgB2 compound was
formed during heat treatment at 800 ∘C for 0.5 h in pure argon atmosphere.
Figure 17.11 (b) shows the manufacture of MgB2 single- and multifilament wires by the

ex situ route as described by Suo et al. [70] andMalagoli et al. [71]. In contrast to the in situ
route, the ex situ route starts with reacted MgB2 powders. Suo et al. [70] used iron tubes
of 5mm inner and 8mm outer diameter for the manufacture of MgB2 mono-core wires.
The MgB2 powder was filled into the iron tubes and the composite was drawn to a wire
of 2mm diameter, which was deformed to a tape of 0.375mm thickness by cold rolling.
This MgB2/Fe tape was heat treated at 950 ∘C for half an hour in argon. The heat treat-
ment improves the connectivity of the MgB2 grains in the tape core necessary to achieve
high critical current densities. Malagoli et al. [71] filled the reacted MgB2 powder into a
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niobium tube of 13mm diameter and a wall thickness of 1mm, which was inserted into
a cupronickel (Cu70Ni30) alloy tube of 13mm inner and 16mm outer diameter. The nio-
bium barrier avoids reactions of the MgB2 powder with the cupronickel alloy tube. The
composite was drawn to a wire of 3.5mm diameter. Twelve of these wires were stacked,
together with a high-conductivity copper core, into a Monel (Cu30Ni70 alloy) tube. To
avoid poisoning of the pure copper by nickel, the copper core is surrounded by a thin nio-
bium barrier. The Monel is harder than cupronickel, allowing a more uniform deformation
of the inner filaments [71]. The composite was groove-rolled and drawn to a round wire
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Figure 17.11 Sketch of the manufacturing of MgB2 wires or tapes by the PIT method. Panel
(a) shows the manufacture of mono-core and multifilament MgB2 conductors by the in situ
route starting from magnesium and boron powders. For carbon doping, SiC powder may be
added [68, 69]. Panel (b) shows the manufacture of mono-core and multifilament MgB2 con-
ductors by the ex situ route starting from already reacted MgB2 powder [70, 71]. The details
are described in the text
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of 2mm diameter. The multifilament wire was flat-rolled to a tape of 3.6mm width and
0.65mm thickness. The tapes were heat treated at 965 ∘C for 4min in a flow of a mixture
of Ar and 5% H2.
An important aspect of the manufacture of MgB2 wires by the PIT method is the selec-

tion of a sheath material that does not react with magnesium at the reaction and sintering
temperatures. In the ex situ route, annealing at more than 900 ∘C is necessary for the for-
mation of well-connected MgB2 grains. Magnesium is volatile and forms solid solutions
or intermetallic compounds, with lowered melting points, with many metals [72]. Metals
that do not react with magnesium are Fe and the refractory metals Mo, Nb, V, Ta, Hf, and
W [72]. The manufacture of thin wires by the PIT method requires a ductile sheath mate-
rial. Iron is a favorite sheath or barrier material because it does not react with magnesium
and is much more ductile than the refractory metals. Superconducting wires for magnet



440 Physical Properties of High-Temperature Superconductors

applications need to be electrically stabilized by a highly conductive metal in parallel to the
superconducting filaments. To avoid poisoning of the pure copper stabilizer due to reactions
with MgB2, Nb [71, 73] and Ti [69, 74] barriers have been successfully used.
An advantage of the in situ route is the fact that good grain connectivity can be achieved

at heat treatment temperatures as low as 650 ∘C. As a consequence of these lower temper-
atures, the reaction layers formed at the interface with less inert sheath materials may thin
enough to allow sufficient current to be carried. Fe, Nb, Ta, Ti, Ni, Cu, Ag, stainless steel,
cupronickel, Monel, or combinations of different materials have been successfully used for
the manufacture of MgB2 wires and tapes by the PIT method (see, e.g., [70–75]).
Another important aspect is the handling of the powders used for wire and tape manu-

facturing by the PIT method. It is beyond the scope of this chapter to provide more than
a brief overview of the handling of the precursor powders for the ex situ and the in situ
routes. As a first example, the ex situ route powder handling described by Fujii et al. [76]
is presented. They used commercially available MgB2 powder supplied by Alfa Aesar,
which was ball-milled in a Si3N4 jar with planetary balls made of the same material. The
ball-milling was performed at a speed of 300 rpm for 5–100 h. Mineral oil added to the
MgB2 powder was used as a source of carbon doping. The carbon doping can be summa-
rized as follows:

MgB2 + xC → MgB2−xCx + xB (17.6)

The formula indicates that boron is partly substituted by carbon, leading to a significant
enhancement of the upper critical field as well as the irreversibility field. The excess boron
released from the MgB2 powder can act as a barrier for the supercurrent flow [76]. In order
to counteract this effect, magnesium powder was added in the ratio MgB2:Mg of 100:5
or 100:10. The added mineral oil prevents the oxidation of the MgB2 powder during ball
milling in air. Before being filled into iron tubes, the powder was dried at 200 ∘C for 2 h
in vacuum. The use of silicon oil was found to be a less efficient carbon source [77]. Very
recently chitosan, a linear polysaccharide, has been used to prepare C-doped boron powder
[78]. The amorphous C-doped boron powder was used as starting material for the synthesis
of MgB2−xCx powder for the ex situ manufacture of MgB2 wires or tapes.
For the preparation of the starting powders used for the in situ manufacture of MgB2

wires or tapes, the methods of Yamada et al. [79], Lee et al. [80], and Kario et al. [81] are
presented here. As starting materials, Yamada et al. [79] used commercial MgH2 and amor-
phous boron powders. A partial substitution of boron by carbon improves the upper critical
field and the critical current density of MgB2 wires and tapes in high fields. They, therefore,
added 10mol% ethyltoluene and/or 10mol% SiC to the powder mixture as carbon sources.
The powders were mixed for 1 h by ball milling with tungsten carbide in high-purity argon.
Lee et al. [80] used lauric acid as a carbon source. The boron powder was dissolved in
methyl alcohol and mixed with up to 5wt% lauric acid. The slurry was dried at 100 ∘C in
flowing argon. Before filling into the iron tubes, the boron and magnesium powders were
mixed together. Kario et al. [81] used a combination of in situ and the ex situ processes
for the manufacture of Glidcop® (dispersion-strengthened copper) sheathed MgB2 wires.
Magnesium and boron powders were mechanically alloyed in a planetary ball-mill for 5 h
in argon. The in situ precursor powder was pressed into a cylinder of 6mm diameter by
cold isostatic pressing at 0.4GPa. This cylinder was placed into the center of a Glidcop®
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tube (10mm inner, 13.8mm outer diameter). The gap of 2mmwidth between the Glidcop®

tube and the central in situ MgB2 cylinder was filled with commercially available MgB2
powder.
Next, we consider the critical current densities achieved in MgB2 wires and tapes.

Figure 17.12 shows the critical current densities at 4.2 K of various MgB2 wires and
tapes manufactured by the ex situ PIT route [71, 73, 75, 77, 82–84]. The performance of
the MgB2 wires depends strongly on the details of the wire manufacture. As illustrated
in Figure 17.12, MgB2 wires manufactured by the ex situ route are superconductive
even without heat treatment [75]. However, the connectivity of the MgB2 grains and,
therefore, the critical current density is significantly improved after heat treatment with
a maximum temperature slightly above 900 ∘C in a mixture of 95% Ar and 5% H2.
Frequently, the performance of MgB2 wires or tapes is characterized by the magnetic
field at which the current density reaches 10 000A cm–2. The jc value of the ex situ wire
without heat treatment exceeds 10 000A cm–2 below 0.25 T, while after heat treatment
the same jc level is reached at a field of ∼4.8T. The jc also depends on the sheath
material. In a commercial tape with a nickel sheath and an iron barrier around the copper
stabilizer, jc reaches 10 000A cm–2 at a field of ∼3.8T [71], whereas in a CuNi/Nb/MgB2
tape the same jc level is achieved at a field of ∼5.3T [71]. In both cases, the magnetic
field is applied perpendicular to the broad face of the multifilament MgB2 tapes. The
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connectivity of the grains can be improved by the densification of the MgB2 filaments,
as demonstrated by cold high-pressure deformation [73]. A jc of 10 000A cm–2 was
achieved at ∼5.2T without cold high-pressure deformation, while after the application
of 2GPa, the same jc was reached at a field of ∼5.7T. Furthermore, Kulich et al. [73]
demonstrated that the performance of a MgB2 wire doped with 5wt% C can be improved
by the application of 2GPa. As expected, the wires with carbon doping show an improved
high-field performance. The carbon doping increases both the upper critical field and the
irreversibility field, and, hence, also the jc at high fields. Good performance was reported
for Fe/MgB2 tapes with carbon-doped MgB2 powders [77, 84]. The MgB2 powders were
ball-milled with additions of mineral oil [77] or benzene and benzoic acid [84] to provide
the desired carbon doping. The jc level of 10000Acm–2 was reached at fields of 8.9 T [77]
and 9.1 T [84].
Figure 17.13 shows the critical current densities at 4.2 K of various MgB2 wires and

tapes manufactured by the in situ PIT route [69, 75, 85–92]. The comparison of the per-
formances of the mono-core and multifilament MgB2 wires indicates that a higher critical
current density was achieved in the multifilament wire. In both wires, 5wt% SiC was added
to the Mg and B powders. The better performance of the stainless steel/Cu/Ti/MgB2 multi-
filament wire seems to originate from the stainless steel outer sheath, which is not present
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in the mono-core wires, and which allows better densification of the MgB2 filament. A jc
of 10000Acm–2 was achieved at ∼9.5T and 4.2 K.
For a Monel/Nb/MgB2 tape [90], the anisotropy with respect to the field direction is

presented. As a carbon source, malic acid (C4H6O5) was used. In addition, the density
of the MgB2 filaments was increased by the application of 1.48GPa (cold high-pressure
densification). A critical current density of 10 000A cm–2 was achieved at a field of 13.2 T
applied perpendicular to the crystallographic c direction and 12.2 T for fields parallel to
the c axis [90]. As compared to cuprate high-Tc superconductors, the anisotropy of jc with
respect to the field direction is not very pronounced. An advantage of the in situ route is
the easier doping of MgB2 by carbon, which is reflected in improved performance at high
magnetic fields.
Figure 17.14 shows the field dependence of various MgB2 conductors at 20 K [93–97].

Depending on the manufacturing process, a critical current density of 10000Acm–2 was
achieved for magnetic fields between 4 T [95] and 7 T [93]. Figure 17.15 shows the depen-
dence of jc on temperature for fields of 5 and 7 T [93]. The data indicate that the operation
of MgB2 wires at 20 K could be an interesting option. For the developmental conductor
considered, the jc at 20 K and 5T is of the order of 50 000A cm–2. The critical current
density exceeds 10000Acm–2 even at 7 T and 20K.
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17.4 MgB2 Bulk Material

Bulk samples have frequently been used to study the physical properties ofMgB2. Zhu et al.
[98] prepared bulk material starting from the commercial MgB2 powder. The powder was
pressed into MgB2 pellets of 6mm diameter, which were sealed together with pure magne-
sium in Al2O3 tubes. The pellets were sintered at 1050

∘C for 24 h and a magnesium vapor
pressure of 400 hPa. The samples were furnace-cooled to room temperature. Zhou et al.
[99] prepared Si- and C-doped MgB2 pellets by solid-state reactions. Mg and B powders
were mixed with Si or C particles, forming MgB2Si0.1 or MgB2C0.1 samples. The pow-
ders, hand grounded for 0.5 h in a mortar, were compacted under high pressure to pellets of
10mm diameter. These pellets were enclosed in iron tubes closed at both ends, sintered at
750 ∘C for 0.5 h in a pure argon atmosphere, and furnace-cooled to room temperature. Xu
et al. [100] synthesized MgxB2 samples (0.5 ≤ x ≤ 1.3) by a solid-state reaction, starting
with well-ground mixtures of magnesium and amorphous boron powder. Pressed pellets
were wrapped in tantalum foils heated at a rate of 2 ∘C min–1 from room temperature to
800 ∘C. The heat treatment was performed for 1 h in a tube furnace under argon, after which
the pellets were furnace-cooled to room temperature. Shimoyama et al. [101] studied the
effect of added silver on the formation of MgB2 bulk material starting from magnesium
and boron powders. They found that ∼3% Ag reduced the reaction temperature from well
above 600 ∘C to 550 ∘C, with no degradation of the critical temperature. Senkowicz et al.
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[102] used mechanically alloyed carbon-doped MgB2 powder in the preparation of pellets,
which were sealed into evacuated stainless steel tubes. After heat treatment for 200min
at 1000 ∘C and a pressure of ∼2070 bar in a hot isostatic press (HIP), the density of the
samples reached 90% of the X-ray density.
An interesting route for the manufacture of MgB2 bulk material as well as MgB2 wires is

reactive liquid magnesium infiltration, developed by Giunchi et al. [103–107], which may
be considered as a special variant of the in situ route. The reaction of the liquid Mg and
B powder is performed in a stainless steel container. To manufacture a MgB2 disk, a solid
block of Mg with a central cylindrical hole is inserted into a stainless steel container. The
hole is filled with the B powder with 50% of the bulk density. At the top and the bottom,
the boron powder is in contact with the stainless steel container. The container is sealed
with a welded steel lid so that no empty space remains in it.
Heat treatment at temperatures between 750 ∘C and 950 ∘C leads to infiltration of the

boron powder by liquid magnesium and the formation of MgB2. In an intermediate step,
the boron-rich phaseMg2B25 is formed [106, 107]. Finally, the container is machined away,
leaving MgB2 bulk material and some residual Mg. Giunchi et al. [106] have demonstrated
the manufacture of MgB2 rods and cylinders in this way.
In the application of low-temperature superconductors, it is well known that the super-

conductor must be in the form of thin filaments to avoid flux jumping. The conditions for
the occurrence of flux jumps in high-Tc superconductors were discussed by Wipf [108].
The lowest field Bfj at which flux jumping can occur in a superconducting slab is

Bfj ≥
√

3𝜇0C(Tc − Top) (17.7)

Here𝜇0 is the permeability of free space,C is the specific heat per unit volume, Tc is the crit-
ical temperature, and Top is the operating temperature. In the derivation of Equation 17.7, it
was assumed that jc depends linearly on temperature. Equation 17.7 indicates that the flux
jump field increases with increasing specific heat and temperature margin. At low temper-
atures, the specific heat of solids is proportional to T 3. Thus, the specific heat at 20 K is
by more than a factor of 100 larger than at 4.2K. As a consequence, operation of high-Tc
bulk superconductors is possible without flux jumping at elevated temperatures. At tem-
peratures of 5 and 20 K, flux jumps have been observed in MgB2 bulk material [109]. On
the other hand, MgB2 cylinders have been successfully used for magnetic shielding even
at a temperature of 4.2 K with no observed flux jumps [110].
Figure 17.16 shows the critical current densities of various MgB2 bulk superconductors

at 20 K [100, 101, 110–112]. The data indicate that a minimum critical current density of
10kAcm–2 was achieved in the different MgB2 bulk samples at fields between 2 and 4T.
Thus, MgB2 bulk material is a potential superconductor for operation at 20 K in magnetic
fields up to 4 T. High critical current densities were achieved in slightly Mg-deficient bulk
material [100]. For the composition Mg0.8B2, the highest irreversibility field of 5.2 T was
achieved at 20 K. In the stoichiometric compound MgB2, the irreversibility field at 20 K
reached a value of only 4.5 T. The improved irreversibility field and the higher critical cur-
rent densities at higher fields were attributed to the formation of MgB4 nanoparticles found
by transmission electron microscopy (TEM) [100]. An even better high-field performance
was achieved in MgB2 bulk material doped with 1.5wt% of nanodiamond [112].
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Figure 17.16 Critical current density vs. field of various MgB2 bulk superconductors mea-
sured at 20 K (results from [100, 101, 110–112])

17.5 MgB2 Films

For completeness, the preparation and the superconducting properties of MgB2 films are
briefly described. It is beyond the scope of the present section to provide a comprehen-
sive discussion of MgB2 film properties. Conditions used for the preparation of MgB2
films are presented in Table 17.3 [113–124]. Different cuts of sapphire (𝛼-Al2O3) single
crystals were frequently used as substrates for the growth of thin MgB2 films [114, 115,
117, 120, 122–124]. Other substrates used for the growth of MgB2 films are (1 1 1) SrTiO3
[113], (1 0 0) MgO [116], Ti-buffered (1 0 0) ZnO [116], Al2O3-buffered (1 0 0) Si [121]
and 6H-SiC [118, 119]. For MgB2 film deposition, pulsed laser deposition [113, 120],
electron beam evaporation [114, 115], molecular beam epitaxy (MBE) [116, 117], sput-
tering [122, 123], thermal evaporation of Mg [123], and hybrid physical–chemical vapor
deposition (HPCVD) [119, 121, 124] have all been successfully used.
As an example, a brief description of HPCVD is presented (see, e.g., [119, 121, 124]).

The deposition is based on the reaction of magnesium vapor with diborane (B2H6). The
reaction can be performed in an evacuated quartz tube [121]. The substrate temperature
during film deposition is typically kept between 590 ∘C and 620 ∘C. The substrate is sur-
rounded byMg ingots during film deposition [119], and a mixture of 95%H2 and 5%B2H6
is used as boron source. The diborane is thermally decomposed in the vicinity of the sub-
strate surface and reacts with the magnesium vapor to form MgB2. The thickness of the
MgB2 film can be controlled by varying the deposition time.
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Table 17.3 Preparation of MgB2 films. Abbreviations: PLD – pulsed laser deposition,
pb – base pressure, Ts – substrate temperature, Ta – annealing temperature, Ba – applied
magnetic field, RT – room temperature

Substrate Tc (K) jc (Acm–2) Deposition conditions Reference

(1 1 1) SrTiO3 single PLD, pb = 3 × 10−6 Pa, pAr = 0.3Pa [113]
crystals during deposition, Ts = RT
Each film around Annealing together with Mg pellet
500 nm thick 36 Film 1: evacuated Nb tube,

Ta = 850∘C, 15 min
31 >106 Film 2: evacuated quartz tube,

1 T, 4.2 K Ta = 750∘C, 30 min
35 Film 3: Ta envelope in evacuated

Nb tube Ta = 750∘C, 30 min

Sapphire C(0 0 0 1) 33.12 4.7 to Electron beam evaporation, [114]
single crystal To 7.1 × 10−6 pb < 10−6 Pa, Ts = 543∘C, growth
Films of 300 and 33.9 4.2 K, rate of MgB2 layer of 1 nm s
280 nm thickness Ba = 0
(1 0 0) α-Al2O3 Electron beam evaporation, [115]

pb < 10−6 Pa, Ts = 543∘C, growth
rate of MgB2 layer of 1 nm s–1

r-cut sapphire Electron beam evaporation of
B/Mg multilayers
pb = 10−6 –10−7 mbar, Ts = RT
Ta = 700∘C, 30 min in Mg vapor

(1 0 0) MgO 33.6 Molecular beam epitaxy, [116]

Ti/(1 0 0) ZnO 34.9 5.8 × 105 pb < 5.3 × 10−9 hPa, Ts = 200∘C,

20-nm-thick Ti 10 K, 5 T 0.03nms–1 B, 0.24nms–1 Mg
buffer layer
300-nm-thick c-axis
oriented thin films
(0 0 0 1) sapphire Molecular beam epitaxy, [117]
150–200 nm thick pb < 6.7 × 10−10 hPa, Ts = 300∘C,
(0 0 0 1) 6H-SiC Hybrid physical–chemical vapor [118]

7.5-nm-thick film 32.8 deposition, Mg source heated to

10-nm-thick film 35.5 106 650–700∘C, B supplied from the
20 K thermal decomposition of B2H6 gas

H2 pressure of 5 kPa

c-cut 6H-SiC 40.8 7.9 × 106 Hybrid physical–chemical vapor [119]
100–150-nm-thick 5 K deposition, Ts = 620∘C, substrate

Films Ba = 0 surrounded by 2–4 g Mg ingots
5% Si doping 2.7 × 105 5% B2H6/95% H2 as B source

5 K, 3 T

(continued overleaf )
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Table 17.3 (continued)

Substrate Tc (K) jc (Acm–2) Deposition conditions Reference

Sapphire Al2O3- 34.2 Off-axis PLD, pb = 10.7 × 10−7 hPa [120]
c(0 0 0 1) Deposition pAr = 0.16hPa,

Ts = 250∘C, Mg capping layer,
Ta = 650∘C, 9 min

Al2O3/(1 0 0) Si 39 Atomic layer deposition of Al2O3 [121]
80-nm- or 300–nm- buffer layer, hybrid physical vapor
thick buffer layer deposition of MgB2, Mg + B2H6

vapor
Ts = 500–600∘C, 33–67hPa

c-plane sapphire 22 DC magnetron sputtering of Mg [122]
Radio frequency sputtering of B
pb = 2.7 × 10−7 hPa, pAr = 0.2Pa,
Ts = RT, Mg + Bcapping layer
Ta = 620∘C, 5–60min, pAr ∼1Pa

r-plane sapphire 28 Radio frequency sputtering of B [123]
Thermal evaporation of Mg
pb = 6.7 × 10−7 hPa, film growth
under 3 Pa Ar, Ts = 800∘C, 30 min

(0 0 0 1) Al2O3 2.5 × 106 Hybrid physical–chemical vapor [124]

440-nm-thick film 20 K deposition, MgB2 films reacted
0.2 T from Mg metal vapor and B2H6 gas

Ts = 590∘C

In MgB2 films, the critical temperature reached values up to 40.8 K [119], which is com-
parable to the maximum values achieved in wires, tapes and bulk material. Figure 17.17
shows the critical current densities of various MgB2 films [114–116, 125, 126]. The crit-
ical current densities were measured at temperatures between 4.2 and 10 K. The critical
current of the MgB2 films reached values up to ∼10MAcm–2 in the absence of an applied
magnetic field. For magnetic fields between 4 and 7T, the critical current densities range
from 0.1 to1.8MAcm–2. In some cases, the critical current was measured for fields paral-
lel and perpendicular to the film surface. The results of Kitaguchi and Doi [114] indicate
that below 7T, the jc for perpendicular fields is higher than that for parallel fields, whereas
at higher fields, the jc is higher in the parallel field. A similar behavior was reported by
Sosiati et al. [115] and Haruta et al. [116]. The high jc values found for B perpendicular
to the film surface have been attributed to the columnar structure of the films. The grain
boundaries perpendicular to the film surface seem to act as efficient pinning centers up to
fields of 7–8 T at 4.2 K [114].
The last aspect to be considered is the dependence of the critical temperature on the

thickness of the MgB2 layer. Zhuang et al. [127] prepared ultrathin MgB2 films on (0 0 0 1)
6H-SiC single-crystal substrates. The film thicknesses ranged from 10 to 200 nm. The Tc
of the 100- and 200-nm-thick films is 40.8 K, dropping to 37 K for the thinnest film of
10 nm thickness (see Figure 17.18). Doi et al. [128] prepared multilayers with alternating
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Figure 17.17 Critical current density vs. field of various MgB2 films measured at tempera-
tures between 4.2 and 10 K. In the absence of an applied magnetic field, the critical current
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MgB2 and Ni or MgB2 and B layers. In the MgB2/Ni multilayers, adjacent MgB2 layers
are separated by 0.2-nm-thick Ni layers, while in the MgB2/B multilayers, the boron layers
are 5 nm thick. The drop in the critical temperature with decreasing MgB2 layer thickness
was found to be independent of the interlayer material (see Figure 17.18).

17.6 Summary

MgB2 is an intermediate-temperature superconductor with a critical temperature of 39K.
The pairing of the electrons to form Cooper pairs is mediated by the electron–phonon inter-
action. The high critical temperature seems to be caused by high-frequency boron phonons.
This picture is supported by the observed boron isotope effect. A special feature of MgB2
is the presence of two superconducting energy gaps. The smaller energy gap (Δ(T = 0) ≅
2meV) originates from the 𝜋 electrons, while the larger gap (Δ(T = 0) ≅ 7meV) is related
to the 𝜎 electrons. Despite its critical temperature of 39K, much lower than that of cuprate
superconductors, MgB2 seems to be an interesting superconductor for applications, espe-
cially at 20 K and moderate fields up to 4 T. In contrast to cuprate superconductors, the
grain boundaries of MgB2 do not act as weak links for the supercurrents. Nevertheless, it is
of importance to ensure that the MgB2 grains are well connected, and that the current flow
is not interrupted by the presence of impurity phases at the grain boundaries. The perfor-
mance ofMgB2 wires at 4.2 K is still not competitive with Nb3Sn because the irreversibility
field is too low. Thin-film data indicate that the jc of MgB2 can reach 10MAcm–2 at 4.2 K
with no magnetic field. Furthermore, high upper critical fields were found in dirty MgB2
films, suggesting that the high-field performance of MgB2 wires and tapes can be further
improved.
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18
Iron-Based Superconductors – A New

Class of High-Temperature
Superconductors

18.1 Introduction

Before the discovery of superconductivity in the iron-pnictides [1], the cuprates were
the only known class of materials showing high-temperature superconductivity. Very
recently a record Tc value of 58.1 K has been reported for the iron-pnictide superconductor
Sm(O1−xFx)FeAs (Sm-1111) [2]. The iron-based superconductors are characterized by
layered crystal structures similar to the cuprate high-Tc materials. There exist four main
families of iron-based superconductors, which are distinguished by their layering schemes
and their chemical compositions. The layering schemes of the (1 1 1 1), (1 1 1), (1 2 2),
and (1 1) families are presented in Figure 18.1, together with the c lattice parameters of
La-1111 [1], Li-111 [3], Ba-122 [4], and FeTe [5]. In the parent compounds of the (1 1 1 1)
family (LnOFeAs (Ln = lanthanide)), layers of LnO1+ and FeAs1− alternate in the crystal
structure along the crystallographic c direction. The parent compounds of the (1 1 1) family
are described by the chemical formula AFeAs, where A is Li or Na [6]. In the (1 1 1)
compounds, the FeAs1− layer is embedded between layers of A1+ ions, with the c-axis
perpendicular to the layers. In the (1 2 2) family (AEFe2As2 (AE = alkaline earth)), layers
of Fe2As2

2− alternate with layers of AE2+(c ⊥ layers) [6]. The parent compounds are non-
superconducting metals showing structural and magnetic instability at low temperatures.
In the cuprate high-Tc superconductors, the parent compounds show antiferromagnetic
ordering. For example, at a temperature of ∼160K LaOFeAs (La-1111) shows a transition
from a tetragonal to an orthorhombic [7] or monoclinic crystal structure [8], and <140K
an antiferromagnetic ordering of the iron moments. Partial replacement of oxygen by
fluorine (doping) suppresses both the transition and the ordering, and superconductivity
occurs [7]. In the nondoped BaFe2As2 (Ba-122) compound the crystal structure changes
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Figure 18.1 Sequence of layers along the crystallographic c direction in the four main fami-
lies of iron-based superconductors. In the (1 1 1 1) family (left), LnO (Ln = lanthanide) layers
alternate with FeAs layers. The c lattice parameter of the LaOFeAs shown is 0.8739 nm at
room temperature [1]. In the (1 1 1) family (second from left), the FeAs layers are embedded
between layers of alkali ions. The c lattice parameter of the considered LiFeAs compound is
0.6364 nm [3]. The chemical formula for the (1 2 2) family (second from right) is AEFe2As2 (AE
= alkaline earth atom). In the (1 2 2) crystal structure, AE and FeAs layers alternate along the
c direction. The c lattice parameter of BaFe2As2 is 1.3017 nm [4]. In contrast to the iron-pnic-
tides, there exist no charge carrier reservoir layers between the iron chalcogenide layers of the
(1 1) family (FeCh (Ch = Se, Te, S). The c lattice parameter of tetragonal FeTe is 0.6252 nm at
80 K [5]

from tetragonal to orthorhombic at ∼140 K [4]. The crystallographic phase transition is
accompanied by antiferromagnetic ordering of the iron moments [4]. Again, structural
and magnetic instability can be suppressed by doping, e.g., partial replacement of Ba by
K. In the (1 1 1 1), (1 1 1), and (1 2 2) families shown in Figure 18.1, superconductivity
is enabled by the FeAs layer in a way similar to the CuO2 planes in the cuprate high-Tc
superconductors. The layers separating the FeAs resemble the charge carrier reservoirs
in the cuprates (see Chapter 5, Figures 5.1–5.3). In the (1 1) family of iron-based super-
conductors, the FeAs layers are replaced by iron-chalcogenide layers, and there exist
no blocking layers between adjacent FeCh layers (Ch = Se, Te, or S) [6]. An important
difference between iron-based and cuprate high-Tc superconductors is the fact that in the
former the parent compounds are metals and not Mott insulators. As in cuprate high-Tc
superconductors, the upper critical fields of the iron-based superconductors are extremely
high, making them candidates for the generation of very high magnetic fields.
Like the cuprates, the iron-pnictides show a large number of interesting physical

phenomena. This new class of high-temperature superconductors therefore attracted
great attention, as reflected in the several hundred articles published since their discovery
in 2008. This chapter will provide an overview of their properties. A comprehensive
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discussion of their physical properties and the investigations of the pairing mechanism in
these complex materials is beyond the scope of this introduction. In the next section, the
critical temperatures of the iron-based superconductors will be considered.

18.2 Critical Temperatures of Iron-based Superconductors

The critical temperatures of various iron-based superconductors are listed in Table 18.1.
As early as 2006, superconductivity at ∼4 K was discovered in LaOFeP [9]. A much
higher critical temperature of 26 K was found in the As analog La(O1−xFx)FeAs
(x = 0.05–0.1) [1]. The highest known critical temperature of 58.1 K was achieved in
Sm-1111 [2]. For the (1 2 2) family, the highest critical temperature of 38 K has been
found in Ba0.6K0.4Fe2As2 [6]. The critical temperatures reported for the (1 1 1) and (1 1)
families are typically <30 K.
In the nonsuperconducting parent compound LaOFeAs, the charges per formula unit are

+1 in the LaO layer and −1 in the FeAs layer. The charges of La, O, and F are +3, −2,
and −1, respectively. Replacement of 10% of the oxygen atoms by fluorine (resulting in
LaO0.9F0.1FeAs) leads to a charge of +1.1 per formula unit in the LaOF layer. For charge
neutrality, an increased negative charge of −1.1 must be present in the FeAs layer, i.e., the
FeAs layer is doped with electrons.
Further the charges of barium and potassium are +2 and +1, respectively. In BaFe2As2,

the charges per formula unit are+2 in the Ba layer and−2 in the Fe2As2 layer. Replacement
of 40% of the barium atoms by potassium leads to a charge of +1.6 per formula unit in the
BaK layer, and hence the charge per Fe2As2 needs to be −1.6. The negative charge of the
Fe2As2 layer is reduced as compared to the parent compound, i.e., holes have been doped
into the FeAs layer.
Panel (a) of Figure 18.2 shows the dependence of the critical temperature of

fluorine-doped La-1111 [1, 6], Ce-1111 [5], and Sm-1111 [2] on the doping level, while
panel (b) shows the effect of potassium [4] or phosphorus doping [30] on the critical
temperature of Ba-122. The fluorine doping adds electrons to the FeAs layers of the
(1 1 1 1) compounds. In La-1111, the maximum critical temperature of ∼26K has been
achieved when 8–11% of the oxygen atoms are replaced by fluorine atoms. For Ce-1111,
the highest Tc of ∼41 K has been reached at 16% fluorine doping. In the case of Sm-1111,
the replacement of 16 to 18% of the oxygen atoms leads to a maximum Tc of ∼54 K.
The quoted values are based on the end-point of the resistive transition (i.e., Tc(R = 0)),
which are a few kelvin lower than the onset Tc. The data indicate that the maximum
Tc has been achieved at slightly different fluorine doping levels in the three (1 1 1 1)
compounds considered. A maximum Tc of ∼39 K has been achieved in Ba1−xKxFe2As2
at x = 0.37. Substitution of potassium for barium leads to hole doping into the FeAs
layer. Interestingly, partial replacement of arsenic by phosphorous in BaFe2(As1−xPx)2
leads to a maximum Tc of ∼30 K. Because As and P have the same valence, the partial
replacement of As by P does not introduce additional charge carriers. This means that
the effect of doping on superconductivity cannot be simply explained by the addition of
charge carriers. Superconductivity in the iron-based superconductors seems to be very
sensitive to changes in the crystal structure caused by doping.
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Table 18.1 Critical temperatures of various iron-based superconductors

Compound Symbol Tc(K) Comments Reference

LaOFeP – ≈4 P analog to La-1111 [9]
LaO1−xFxFeAs La-1111 26 x = 0.05–0.1 [1]
La0.87Sr0.13OFeAs La-1111 25 La partly replaced by Sr [10]
LaO0.8F0.2FeAs1−xSbx La-1111 30.1 x = 0.05 [11]
LaO1−xFxFeAs La-1111 43 Under a pressure of 4 GPa [12]
SmO0.85F0.15FeAs Sm-1111 43 O partly replaced by F [13]
SmO0.8F0.2FeAs Sm-1111 56.1 O partly replaced by F [14]
SmO0.74F0.26FeAs Sm-1111 58.1 O partly replaced by F [2]
SmO(Fe0.9Co0.1)As Sm-1111 15.2 Fe partly replaced by Co [15]
CeO0.84F0.16FeAs Ce-1111 41 O partly replaced by F [16]
Ce0.6Gd0.4O0.84F0.16FeAs Ce-1111 47.5 Ce partly replaced by Gd [17]
PrO0.89F0.11FeAs Pr-1111 52 O partly replaced by F [18]
PrO1−𝛿FeAs Pr-1111 44 Oxygen deficiency [19]
NdO0.89F0.11FeAs Nd-1111 52 O partly replaced by F [18, 20]
NdO0.75F0.25FeAs Nd-1111 55 O partly replaced by F [21]
NdO0.85FeAs Nd-1111 46 Oxygen deficiency [22]
GdO0.83F0.17FeAs Gd-1111 36 O partly replaced by F [18]
GdO1−𝛿FeAs, δ = 0.85 Gd-1111 53.5 Oxygen deficiency [23]
Gd0.8Th0.2OFeAs Gd-1111 56 Gd partly replaced by Th [24]
TbO0.9F0.1FeAs Tb-1111 46 O partly replaced by F [16]
DyO0.9F0.1FeAs Dy-1111 45 O partly replaced by F [18]
CaF(Fe0.9Co0.1)As Ca-1111 22 Fe partly replaced by Co [25]
Sr0.5Sm0.5FFeAs Sr,Sm-1111 56 50% of Sr replaced by Sm [26]
Sr0.8La0.2FFeAs Sr-1111 36 Sr partly replaced by La [26]
LiFeAs Li-111 ∼18 Both superconducting [3]
NaFeAs Na-111 12–25 without doping [3]
Ca0.5Na0.5Fe2As2 Ca-122 ∼20 [27]
BaFe2As2 Ba-122 29 Pressure of 40 kbar [28]
SrFe2As2 Sr-122 27 Pressure of 30 kbar [28]
Ba0.6K0.4Fe2As2 Ba-122 38 Ba partly replaced by K [6]
Sr0.6K0.4Fe2As2 Sr-122 38 Sr partly replaced by K [6]
Ba0.84Rb0.1Sn0.09Fe2As0.96 Ba-122 22–24 [29]
Ba(Fe0.8Co0.2)2As2 Ba-122 22 Co doping in FeAs layer [6]
BaFe2(As1−xPx)2 Ba-122 30 As partly replaced by P [30]
α-FeSe Fe,Se-11 8–27 [6]
Fe(Se0.5Te0.5) Fe,Se-11 ∼15.5 Se partly replaced by Te [6]
Fe(Se0.8S0.2) Fe,Se-11 ∼15.5 Se partly replaced by S [3]
Fe(Te0.8S0.2) Fe,Te-11 10 Te partly replaced by S [3]

Zhao et al. [31] studied the relations between structure and high-temperature supercon-
ductivity in the (1 1 1 1) and (1 2 2) families. They found an interesting relation between
the Fe-As(P)-Fe bond angle (see the inset of Figure 18.3) and the maximum achieved Tc.
Figure 18.3 shows the maximum Tc versus the Fe-As(P)-Fe bond angle. The highest crit-
ical temperatures were found in (1 1 1 1) compounds with a bond angle close to 109.47∘,
characteristic for the ideal Fe-As-Fe tetrahedron [31].
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Mizuguchi et al. [32] found a relation between critical temperature and the anion height
in the iron-pnictide or chalcogenide layer. The maximum Tc of ∼55 K in the iron-based
superconductors occurs for an anion height of 0.138 nm. For anion heights smaller or larger
than this value, the Tc drops in a nearly symmetric way. In fluorine-doped LaOFeP with
a Tc of 9 K, the anion height is 0.114 nm, while in FeTe0.53Se0.47 with a Tc of 13.9 K the
anion height is 0.162 nm [32]. The observed relation seems to be valid for (1 1), (1 1 1),
(1 2 2), and (1 1 1 1) compounds, both at ambient pressure and with applied pressure. The
relation is not valid for compounds with doping in the FeAs layer [32].
Figure 18.4 illustrates the effect of chemical pressure on the critical temperature of

Ce1−xGdxO0.84F0.16FeAs. Yang et al. [17] studied the effect of the substitution of Ce by
Gd on the critical temperature. The ionic radius of Gd is smaller than that of Ce, and hence
the a and c lattice parameters of Ce1−xGdxO0.84F0.16FeAs decrease linearly with increasing
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Figure 18.2 Panel (a): critical temperature of La-1111, Ce-1111, and Sm-1111 versus the
level x of fluorine doping. In the (1 1 1 1) compounds LaO1−xFxFeAs, CeO1−xFxFeAs, and
SmO1−xFxFeAs, superconductivity sets in for x values of 0.026, 0.061, and 0.079, respectively.
In La-1111, maximum critical temperatures of ∼26 K have been found for x between 0.08 and
0.11. Higher fluorine content reduces the critical temperature (e.g., Tc = 10.5 K at x = 0.15).
For Ce-1111, a maximum Tc of 40.7 K has been found at x = 0.16. A critical temperature as
high as 54 K has been achieved in Sm-1111 for x between 0.16 and 0.18 (results from [1, 2, 5,
6]). Panel (b): Tc of Ba1−xKxFe2As2 and BaFe2(As1−xPx)2 versus doping level x. Superconductiv-
ity occurs in the potassium-doped Ba-122 for x ≥ 0.11, and Tc reaches a maximum of 39 K at
x = 0.37. In contrast to potassium doping, the substitution of arsenic by phosphorous does not
introduce additional charge carriers. Nevertheless, P doping leads to a superconducting dome
with a maximum Tc of ∼30K at x = 0.32, suggesting that the occurrence of superconductivity
is closely related to changes in the crystal structure (results from [4, 30])
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Gd content x (chemical pressure). Figure 18.4 indicates that the maximum Tc is reached
for x = 0.4, leading to lattice parameters c = 0.8553 nm and a = 0.3964nm.
Further evidence for the correlation of the critical temperature of iron-based supercon-

ductors with structural features is the observed dependence of Tc on pressure. For example,
CaFe2As2 shows superconductivity at ∼12 K without doping under a hydrostatic pressure
of 5.5 kbar [33]. Nondoped FeSe is not magnetically ordered and is a superconductor with a
Tc of ∼9 K [34, 35]. The critical temperature of FeSe reaches a maximum value of ∼37 K
under an applied pressure of 8.9GPa [35]. Hardy et al. [36] found a large dependence
of the critical temperature of Ba(Fe0.92Co0.08)2As2 single crystals on uniaxial pressure
[36]. They obtained values of dTc∕dpa = 3.1 ± 0.1 K∕GPa and dTc∕dpc = −7.0 ± 0.2 K∕
GPa. The pressure derivatives of the critical temperature were deduced frommeasurements
of the thermal expansion and the specific heat. Application of hydrostatic pressure leads
to dTc∕dp = 2dTc∕dpa + dTc∕dpc = −0.9 GPa∕K [36], i.e., the uniaxial pressure depen-
dences nearly cancel each other.
Next, let us consider the phase diagram of various compounds in the (1 1 1 1) family.

Figure 18.5 shows the boundaries between the room temperature tetragonal phase and the
low temperature orthorhombic phase (Ts), between the magnetically nonordered phase and
the antiferromagnetic phase (TN), and the superconducting region (Tc). For the nondoped
La-1111 parent compound (solid lines), the crystal structure changes from tetragonal to



466 Physical Properties of High-Temperature Superconductors

0
0

40

20

60

80

100

120

140

160

180

0.1

SCA
n

ti
fe

rr
o

m
a

g
n

e
ti
c

O
rt

h
o

rh
o

m
b

ic

0.2

Tc La-1111 [6]

Tc Ce-1111 [5]

Tc Sm-1111 [2]

TN Sm-1111 [37]

Ts Sm-1111 [2]

Ts Ce-1111 [5]

TN Ce-1111 [5]

TN La-1111 [6]

Ts La-1111 [6]

0.3

Doping level x

Tetragonal

T/
K

Figure 18.5 Phase diagrams of La-1111 (solid lines), Ce-1111 (dashed lines), and Sm-1111
(dash-dot lines). The Ts lines indicate the temperature of the structural transition from a tetrag-
onal to an orthorhombic structure. Below the TN lines, antiferromagnetic ordering sets in.
The superconducting state occurs below the Tc line in question. In contrast to La-1111 and
Ce-1111, superconductivity and antiferromagnetic ordering can coexist in Sm-1111 for doping
levels x between 0.079 and 0.18. All lines have been smoothed (results from [2, 5, 6, 37])

orthorhombic at ∼155 K [6]. Below ∼138 K, the spin density wave (SDW) magnetic
order has been observed. The SDW transition is accompanied by a steep decrease of the
resistivity below ∼150 K [6] (see also Figure 18.17). The parent compound is an antifer-
romagnetic, nonsuperconducting metal. Above ∼4.6% doping of fluorine for oxygen, the
structural phase transition and the spin density wave magnetic ordering are suppressed,
and LaO1−xFxFeAs (La-1111) shows superconductivity with a maximum Tc ∼ 26 K
at a doping level of x ∼ 0.1. The dashed lines indicate the phase boundaries for Ce-1111.
In the nondoped CeO1−xFxFeAs parent compound, the crystal structure changes from
tetragonal to orthorhombic below ∼155 K. Antiferromagnetic ordering occurs < 138 K.
Fluorine doping at 6% suppresses antiferromagnetic ordering, and the compound becomes
superconducting. In contrast to La-1111, superconductivity can develop not only in the
tetragonal but also in the orthorhombic phase. The dash-dotted lines show the phase
boundaries for SmO1−xFxFeAs (Sm-1111). Again, fluorine doping suppresses the tran-
sition to an orthorhombic crystal structure and the onset of antiferromagnetic ordering.
Using muon-spin spectroscopy, Amato et al. [37] observed that spin-density wave ordering
and superconductivity can coexist for x between ∼0.08 and ∼0.15 in Sm-1111, but not in
La-1111 or Ce-1111.
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Figure 18.6 Phase diagrams of potassium- (dotted lines) and phosphorous-doped (dash-dot
lines) Ba-122. At the temperature TSDW, antiferromagnetic spin density wave ordering sets in.
At the same temperature, the crystal structure changes from tetragonal to orthorhombic. Super-
conductivity occurs below the Tc line in question. In Ba-122 compounds, superconductivity
can coexist with spin density wave ordering and can be present in the orthorhombic crystal
structure (results from [4, 30])

Figure 18.6 shows the phase diagrams of Ba1−xKxFe2As2 [4] and BaFe2(As1−xPx)2 [30].
In the nonsuperconducting parent compound (x = 0), simultaneous structural and magnetic
transitions have been observed at ∼140 K. The crystal structure changes from tetragonal
to orthorhombic. In the orthorhombic phase an SDW antiferromagnetic ordering has been
found. Potassium doping introduces additional charge carriers into the FeAs layers and
suppresses the structural transition and the SDW ordering. Although phosphorous doping
for arsenic does not introduce additional charge carriers, it does suppress the structural and
magnetic phase transitions at low temperatures. In both cases, doping leads to supercon-
ductivity. An interesting feature is the coexistence of superconductivity and SDW order in
the orthorhombic structure at lower doping levels.

18.3 Crystal Structures of Iron-based Superconductors

First, the X-ray powder diffraction patterns of various iron-based superconductors are pre-
sented. In the synthesis, X-ray powder diffraction patterns are used to identify the impurity
phases present in addition to the desired superconducting compound, and hence may be
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used to optimize the synthesis conditions. Moreover, X-ray powder diffraction provides
the lattice parameters and further information on the crystal structure.
Sketches of the Cu K𝛼 X-ray diffraction patterns of LaO0.8F0.2FeAs (La-1111), SmO0.85

F0.15FeAs (Sm-1111), and CeO0.84F0.16FeAs (Ce-1111) are presented in Figures 18.7,
18.8, and 18.9, respectively. The sketches are based on the results of Shekhar et al.
(La-1111) [38], Chen et al. (Sm-1111) [13], and Chen et al. (Ce-1111) [16]. The com-
pounds of the (1 1 1 1) family crystallize in a tetragonal structure with the space group
(P4/nmm) [5]. In the space group symbol, P stands for a primitive unit cell, 4 for a
fourfold rotational symmetry, n for a diagonal glide plane, and m for a mirror plane (for
more details, see [39]). The lattice parameters deduced from X-ray powder diffraction
are collected in Table 18.2. For the three (1 1 1 1) compounds, both the a and the c lattice
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Figure 18.7 Sketch of the Cu K𝛼 X-ray diffraction pattern of LaO0.8F0.2FeAs based on the
results of Shekhar et al. [38]. The reflexes are indexed based on a tetragonal unit cell (space
group P4/nmm) with the lattice parameters a = 0.4030 nm and c = 0.8716 nm [38]
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Figure 18.8 Sketch of the Cu K𝛼 X-ray diffraction pattern of SmO0.85F0.15FeAs based on the
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Figure 18.9 Sketch of the Cu K𝛼 X-ray diffraction pattern of CeO0.84F0.16FeAs based on the
results of Chen et al. [16]. The reflexes are indexed based on a tetragonal unit cell (space group
P4/nmm) with the lattice parameters a = 0.3989 nm and c = 0.8631nm [16]

Table 18.2 Lattice parameters of selected members of the
(1 1 1 1) family

Compound a (nm) c (nm) Reference

LaOFeAs 0.4039 0.8742 [38]
LaO0.8F0.2FeAs 0.4030 0.8716 [38]
SmOFeAs 0.3940 0.8501 [13]
SmO0.85F0.15FeAs 0.3932 0.8490 [13]
CeOFeAs 0.3996 0.8648 [16]
CeO0.84F0.16FeAs 0.3989 0.8631 [16]

parameters decrease slightly with fluorine doping. The a lattice parameter of the (1 1 1 1)
compounds is close to 0.4 nm, while the c lattice parameter varies between 0.849 and
0.8742 nm.
Sketches of the Cu K𝛼 X-ray powder diffraction patterns of BaFe1.87Co0.13As2 [40] and

Ba0.6K0.4Fe2As2 [41] are presented in Figures 18.10 and 18.11, respectively. The (1 2 2)
compounds crystallize in a tetragonal structure of the space group I4∕mmm [40]. The a
lattice parameters of BaFe2As2 (a = 03964 nm) and BaFe1.87Co0.13As2 (a = 0.3963nm)
are nearly identical, whereas the c lattice parameter of the Co-doped compound
(c = 1.2991 nm) is slightly shorter than that of nondoped Ba-122 (c = 1.3022 nm) [40].
Figure 18.12 shows the Cu Kα X-ray powder diffraction pattern of LiFeAs (Li-111),

which is based on the results of Tapp et al. [42]. The reflexes are indexed based on a
tetragonal unit cell (space group P4/nmm) with the lattice parameters a = 0.3791 nm and
c = 0.6364 nm [42].
Cu Kα X-ray powder diffraction patterns of the iron chalcogenides FeTe and FeSe are

presented in Figures 18.13 and 18.14, respectively. The sketches are based on the results
of Yeh et al. [43]. TheMiller indices are based on a tetragonal unit cell. The cell dimensions
of FeSe are a = 0.3775 nm and c = 0.5512 nm. Due to the larger ionic radius of tellurium,
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Figure 18.10 Sketch of the Cu K𝛼 X-ray diffraction pattern of BaFe1.87Co0.13As2 based on the
results of Sun et al. [40]. The reflexes are indexed based on a tetragonal unit cell (space group
I4/mmm) with the lattice parameters a = 0.3963 nm and c = 1.2991nm [40]
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Figure 18.12 Sketch of the Cu K𝛼 X-ray diffraction pattern of LiFeAs based on the results
of Tapp et al. [42]. The reflexes are indexed based on a tetragonal unit cell (space group
P4/nmm) with the lattice parameters a = 0.3791 nm and c = 0.6364 nm [42]
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Figure 18.13 Sketch of the Cu K𝛼 X-ray diffraction pattern of FeTe based on the results of Yeh
et al. [43]. The Miller indices are based on a PbO-type tetragonal structure [43]

In
te

n
s
it
y
/a

rb
it
ra

ry
 u

n
it
s

20

40

60

80

100

0
10 20

0
0
1

1
0
1

11
1

11
2

2
0
0

1
0
2

FeSe
Cu Kα radiation

0
0
2

30 40

2θ /degrees

50

Figure 18.14 Sketch of the Cu K𝛼 X-ray diffraction pattern of FeSe based on the results of Yeh
et al. [43]. The Miller indices are based on a PbO-type tetragonal structure [43]

the lattice parameters of FeTe are larger than those of FeSe. The increase of the lattice
parameter a is only 1.4%, whereas c is 13.6% longer than in FeSe. The increased lattice
parameters are reflected in the smaller diffraction angles from the FeTe.
Figure 18.15 shows the tetragonal crystal structure of LaOFeAs (La-1111) (space group

P4/nmm). The number of atoms in the unit cell corresponds to two formula units. As can
be seen for the Fe atom in the center of the unit cell, each iron atom is associated with four
arsenic atoms.
In Figure 18.16, the crystal structure of CaFe2As2 (Ca-122) is presented [27, 44]. The

(1 2 2) compounds crystallize in a tetragonal structure of the space group I4/mmm.

18.4 Physical Properties of Iron-based Superconductors

In the present section, some of the physical properties of iron-based superconductors will
be summarized. The first aspect to be considered is the superconducting energy gap. A
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Figure 18.15 Sketch of the tetragonal crystal structure of LaOFeAs (La-1111) (space
group P4/nmm). The lattice parameters of the undoped compound are a = 0.4033nm and
c = 0.8741 nm at 300 K [7]. The z positions of the atoms are z = 0 and z = c for oxygen,
z = 0.141 c and z = 0.859 c for La, z = 0.5 c for Fe, and z = 0.348 c and z = 0.652c for As
[7] (adapted from [24, 44])

Figure 18.16 Sketch of the tetragonal crystal structure of CaFe2As2 (Ca-122) (space group
I4/mmm). The lattice parameters of the undoped compound are a = 0.3872nm and
c = 1.1730nm at 297 K [27]. The z positions of the atoms are z = 0, z = 0.5 c and z = c
for Ca, z = 0.25 c and z = 0.75 c for Fe, and z = 0.133 c, z = 0.367 c, z = 0.633c and z =
0.867 c for As [27] (adapted from [27, 44])
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Table 18.3 Superconducting energy gaps of iron-based superconductors

Compound Tc(K) Δ(meV) 2Δ∕kBTc Comments Reference

LaO0.9F0.1−𝛿FeAs 27 3.9 ± 0.7 3.35 ± 0.6 Point contact
spectroscopy

[45]

SmO0.8F0.2FeAs 51.2 6.45 ± 0.25
16.6 ± 1.6

2.95 ± 0.15
7.65 ± 0.85

PCARa

2 gaps
[29]

SmO0.85F0.15FeAs 42 6.67 3.68 PCARa [46]
NdO0.85FeAs 45.5 7 3.57 PCARa [47]
BaFe1.8Co0.2As2 23.6 1.64 ± 0.2

6.2 ± 0.2
1.6 ± 0.2
6.1 ± 0.2

2 gaps [48]

Ba0.6K0.4Fe2As2 37 6
12

3.76
7.53

ARPESb

2 gaps
[49]

LiFeAs 17 3 ± 0.2 4.1 ± 0.3 Single gap
ARPES b

[50]

FeSe0.5Te0.5 19.1 4.1 ± 0.4 4.9 ± 0.5 [51]
Fe1.03Te0.7Se0.3 13 ∼4 ∼7 Single crystal

ARPES b
[52]

aPCAR – point-contact Andreev-reflection spectroscopy.
bARPES – angle-resolved photoemission spectroscopy.

discussion of the pairing symmetry is beyond the scope of the present introduction. The
measured energy gaps of various iron-based superconductors are presented in Table 18.3.
For Sm-1111 and Ba-122, the existence of two energy gaps has been reported [29, 48,

49], while only a single gap has been found in LiFeAs [50]. The values of 2Δ∕kBTc for
Sm-1111 and Ba-122 are between 6.1 and 7.65 for the larger gap and in the range of
1.6–3.76 for the smaller gap. The 2Δ∕kBTc values for the larger gap are significantly larger
than the single gap value of 3.5 provided by the BCS theory.
Next the lower and upper critical fields of iron-based superconductors are considered.

In general, the large values of the derivative dBc2∕dT measured at the critical temperature
indicate that the upper critical fields of iron-based superconductors can reach values of the
order of 100 T at zero temperature. Frequently the values of Bc2 at zero temperature have
been estimated using the Werthamer–Helfand–Hohenberg (WHH) formula (see footnote
to Table 18.4). It should be noted that these extrapolated values have to be considered as
only a rough estimate of Bc2. A more detailed discussion of the limitations of the upper
critical field values can be found in a review article by Fuchs et al. [53]. The lower and
upper critical fields of various iron-based superconductors are listed in Table 18.4.
Due to the layered crystal structures of the iron-based superconductors, their upper crit-

ical fields are anisotropic. For Sm-1111 [29], a moderate anisotropy factor Bc2
ab∕Bc2

c of
∼7.3 has been found at temperatures close to Tc. An even smaller anisotropy factor of 2.9
has been reported for the upper critical field of (Ba,K)-122 close to Tc [29]. The upper
critical fields of Sm-1111, Nd-1111, Ba-122, Ca-122, Sr-122, and K0.58Fe1.56Se2 reach or
exceed 100 T at zero temperature.
The characteristic length scales of various iron-based superconductors are listed in

Table 18.5. The penetration depth 𝜆ab(T = 0) for screening currents flowing in the planes
of the FeAs layers are in the range of 115–320 nm, while 𝜆c(0) lies between 304 and
870 nm. The coherence length in the planes of the FeAs layers is of the order of a few
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Table 18.4 Lower and upper critical fields of iron-based superconductors

Compound Tc(K) Bc2(T) Bc1(mT) Comments Reference

La-1111 36 Bc2(T = 0) estimated
with WHH formulaa

[6]

La-1111 63–65 5 [54]
LaO0.8F0.2FeAs1−xSb0.05 30.1 ∼73 Polycrystalline [11]
LaO0.9F0.1−𝛿FeAs 28.9 56 Bc2(T = 0) [55]
Sm-1111 150 Bc2(T = 0) estimated

with WHH formulaa
[6]

SmO0.65F0.35FeAs 52 ∼120 Bc2(T = 0) estimated
with WHH formulaa

[56]

SmO0.7F0.25FeAs 49.7 13.5
13.5

B || c, ∼40 K
B || ab, ∼46.9 K
Bc2

ab∕Bc2
c ∼ 7.3, T ≈ Tc

[29]

SmO0.9F0.1FeAs 52 9.33 Bc1(0) [57]
Nd-1111 204 Bc2(T = 0) estimated

with WHH formulaa
[6]

NdO0.82F0.18FeAs 50.5 250 Birr(0) ≈ 150 T [58]
Pr-1111 72 Bc2(T = 0) estimated

with WHH formulaa
[6]

Ce-1111 107 Bc2(T = 0) estimated
with WHH formulaa

[6]

CeO0.9F0.1FeAs 38.4 94 Bc2(T = 0) estimated
with WHH formulaa

[59]

CeO0.9F0.1FeAs 38.6 185 Bc2(T = 0)
𝜉(0) = 3.34 nm

[60]

(Ba,Rb)Fe2As2 23.35 13.5
13.5

B || c,∼19.3K
B || ab,∼21.2K
Bc2

ab∕Bc2
c ∼ 2.9, T ≈ Tc

[29]

Ba0.6K0.4Fe2As2 36.2 59 Bc1(0) [57]
Ba0.6K0.4Fe2As2 38 75 Bc2

ab∕Bc2
c ∼ 1–3 [4]

(Ba,K)Fe2As2 100 Bc2(T = 0) estimated
with WHH formulaa

[6]

(Ba,K)Fe2As2 28 70 Bc2
ab∕Bc2

c ∼ 1.4
Measurements of

resistivity up to 60 T

[61]

Ca0.77La0.23Fe2As2
Single crystals

∼36 102.7
16.8

Bc2
ab

Bc2
c

Bc2(T = 0) estimated
with WHH formulaa

[62]

Sr0.6K0.4Fe2As2 34 170 Bc2(T = 0) estimated
with WHH formulaa

[63]

FeSe0.89 9.91 33.4 0.95 Bc2(T = 0) estimated
with WHH formulaa

[64]

Fe(Te,Se) 87 Bc2(T = 0) estimated
with WHH formulaa

[6]

K0.58Fe1.56Se2 31.9 276 Bc2
ab [65]

Single crystal 84 Bc2
c

Bc2(T = 0) estimated
with WHH formulaa

aWerthamer–Helfand–Hohenberg (WHH) formula Bc2(0) = −0.693Tc[dBc2∕dT] at T = Tc.
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Table 18.5 Penetration depth and coherence length of iron-based superconductors

Compound Tc(K) 𝜆(nm) 𝜉(nm) Comments Reference

LaO0.89F0.11FeAs 5
1.2

𝜉ab(0)
𝜉c(0)

[54]

LaO0.9F0.1FeAs 26 254 𝜆ab(0) [66]
LaO0.8F0.2FeAs1−xSb0.05 30.1 2.2 Polycrystalline [11]
CeO0.8F0.2FeAs 42.5 2.7 [59]
NdO0.82F0.18FeAs 47 3.1

0.78
𝜉ab(0)
𝜉c(0)

[67]

Nd-1111 47.4 1.8
0.45

𝜉ab(0)
𝜉c(0)

[68]

SmO0.9F0.1FeAs 52 205 𝜆ab(0) [57]
Ca0.77La0.23Fe2As2 ∼36 4.43

0.72
𝜉ab(0)
𝜉c(0)

[62]

Ba0.6K0.4Fe2As2 34.6 125
304

1.25
0.45

𝜆ab(0), 𝜉ab(0)
𝜆c(0), 𝜉c(0)

[67]

Ba0.6K0.4Fe2As2
(Ba,K)-122

36.2
32

115
320
270

𝜆ab(0)
𝜆ab(0), μSR a

𝜆ab(0), ARPES b

[57]

Ba-122 22 2.4
1.2

𝜉ab(0)
𝜉c(0)

[68]

BaFe1.8Co0.2As2 169 𝜆ab(0) [48]
SrFe1.75Co0.25As2 13.3 316

870
𝜆ab(0)
𝜆c(0)

[69]

LiFeAs 17 210 2–4 𝜆ab(0), 𝜉ab(0) [50]
FeSe0.89 9.91 1008 3.14 𝜆(0), 𝜉(0) [64]
Fe(Se,Te) 14.5 1.2

0.35
𝜉ab(0)
𝜉c(0)

[68]

aμSR – muon spin rotation.
bARPES – angle-resolved photoemission spectroscopy.

nanometers, whereas 𝜉c is as small as 1.2 nm or even less. In general, the coherence length
is much smaller than the penetration depth, indicating that the iron-based superconductors
are extreme Type II superconductors.
Finally, the resistivity of iron-based superconductors and their parent compounds is con-

sidered. The top panel of Figure 18.17 shows the resistivity of various members of the
(1 1 1 1) family. The resistivity of LaOFeAs (La-1111) reaches ∼4.5 mΩ cm at 300 K. The
resistivity anomaly at a temperature of ∼140 K is caused by the occurrence of a spin den-
sity wave and antiferromagnetic ordering. The nondoped La-1111 is not superconducting,
while the fluorine-doped compound LaO0.8F0.2FeAs is superconducting. In addition, fluo-
rine doping suppresses magnetic ordering, and hence the resistivity anomaly at∼140 K has
vanished. The room temperature resistivity of∼1.5 mΩ cm is around three times lower than
that of the undoped La-1111. Resistivity anomalies are also visible in the 𝜌(T) curves of
the nonsuperconducting compounds SrFeAsF and SmO0.98F0.02FeAs, whereas the super-
conducting compounds Sr0.5Sm0.5FeAsF and SmO0.74F0.26FeAs show no anomaly, and
resistivity drops nearly linearly till the transition to superconductivity at the Tc in ques-
tion. The bottom panel of Figure 18.17 shows the resistivity versus temperature curves of
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Figure 18.17 Resistivity versus temperature of various iron-based superconductors. Top
panel: resistivity of (1 1 1 1) superconductors and their undoped parent compounds (Results
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FeSe0.89, FeSe0.5Te0.5, CaFe2As2, Ca0.5Na0.5Fe2As2, BaFe2As2, and BaFe1.87Co0.13As2.
Again, the 𝜌(T) curves of the nonsuperconducting parent compounds CaFe2As2 (Ca-122)
and BaFe2As2 (Ba-122) show a resistivity anomaly related to spin density waves and mag-
netic ordering. The room temperature resistivity of these iron-based superconductors varies
between 0.14 and 6.8mΩcm. For comparison, the room temperature resistivity of copper
is only 1.67μΩ cm.

18.5 Synthesis of Iron-based Superconductors

Examples of the synthesis conditions used for the preparation of various iron-based super-
conductors are gathered in Table 18.6. In the preparation of iron-pnictide superconductors,
the toxicity and volatility of arsenic need attention. Some dopants (e.g., fluorine, alkali
metals) are also very volatile. Because of sensitivity to oxygen and moisture, the starting
materials must be handled in a glove box filled with highly pure argon or nitrogen. Themain
techniques for the preparation of iron-pnictide superconductors are solid-state reaction,
high pressure synthesis, and the fluxmethod for the growth of single crystals (see, e.g., [6]).
In the solid-state reaction technique, arsenic is provided by arsenic compounds (e.g., LaAs,
SmAs, BaAs, KAs, FeAs, and Fe2As) because the vapor pressure of elemental arsenic is so
high. The initial materials need to be carefully mixed and pressed into pellets. The reaction
is typically performed in evacuated quartz tubes. Heat treatment conditions for the synthesis
of various iron-pnictides by the solid-state reaction are shown in Table 18.6. The advantage
of the high-pressure method is the suppression of arsenic and fluorine loss from compounds
such as LaO1−xFxFeAs at high reaction temperatures. A publication byKarpinski et al. [29]
provides a short description of the growth of LnO1−xFxFeAs (Ln represents La, Pr, Nd, Sm,
or Gd) and (Ba,Rb)Fe2As2 single crystals (see also Table 18.6).

18.6 Critical Current Densities in Iron-based Superconductors

The weak-link behavior of large-angle grain boundaries is a severe disadvantage of cuprate
high-Tc superconductors. To overcome the blocking of the supercurrents by large-angle
grain boundaries, the superconducting RE-123 (RE = rare earth) film of coated conductors
needs to be biaxially textured. Due to the biaxial texture, most of the individual grains are
connected by low-angle grain boundaries, which do not block the supercurrents. The coher-
ence length in iron-based superconductors is nearly as short as in cuprate superconductors,
which may cause weak-link behavior of clean grain boundaries as in the cuprates.
Several research groups [54, 70–74] have studied the intergrain and intragrain critical

current densities in iron-based superconductors. In polycrystalline Sm-1111 and Nd-1111,
Yamamoto et al. [54] found intragrain jc values of ≈5 × 106 A∕cm2 at 5 K, whereas the
intergrain jc values reached only 1000 to 10000A/cm2. However, the large difference of
intergrain and intragrain critical current densities is partly caused by wetting of the grain
boundaries by FeAs. Very recently, Hong et al. [74] have reported weak coupling at junc-
tions across natural grain boundaries in Ba-122.
Figure 18.18 shows the critical current densities achieved in a Ba-122-coated

conductor [75] and an epitaxial FeTe0.5 Se0.5 film [76]. The critical current density in the
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Table 18.6 Conditions used for the synthesis of iron-based superconductors (symbols: RT
room temperature)

Compound Starting materials Short description Reference

LaO1−xFxFeAs
0.05 ≤ x ≤ 0.12

LaAs, FeAs, La2O3
(dehydrated)

Addition of LaF3 and La
with a 1:1 ratio

Reaction in an Ar-filled silica
tube at 1250 ∘C for 40 h

Fluorine doping

[1]

LaO0.9F0.1−𝛿FeAs Fe powder, As grains
mixed and ground in
1:1 ratio

Addition of LaF3, La2O3,
La grains

Two-step solid-state reaction
Pressed pellets heat treated at

700 ∘C for 10 h in evacuated
quartz tube

Pressed pellets heat treated in
evacuated quartz tube
940 ∘C/2 h and 1150 ∘C/48 h

Slow cooling to RT

[55]

LaO1−xFxFeAs
0 ≤ x ≤ 0.4

La, Fe, As mixed in the
ratio 1:3:3 → LaAs,
FeAs, Fe2As

Addition of La2O3, La,
and LaF3

Two-step solid-state reaction
Pressed pellets heat treated in

evacuated quartz tube at
900 ∘C for 12 h

Ground powder is pressed into
pellets and heat treated at
1150 ∘C for 60 h in
evacuated quartz tube

[38]

LaO0.8F0.2FeAs Fe chips and As powder
→ FeAs

La2O3, LaF3, La, FeAs,
FeSb2, Fe

950 ∘C for 24 h

Reaction in evacuated silica
ampoules 950 ∘C/48 h

Pellets wrapped in Ta foil
1150 ∘C/48 h in evacuated
silica ampoules

[11]

SmO1−xFxFeAs
x = 0.15

SmAs, SmF3, Fe, Fe2O3 Sm + As → SmAs 600 ∘C/3 h,
900 ∘C/5 h

Pressed pellets wrapped in Ta
foils, 1160 or 1200 ∘C for
40 h in evacuated
quartz tube

[13]

SmO0.85FeAs SmAs, Fe, Fe2O3 Mixed powders pressed into
pellets, 1250 ∘C/2 h under
6 GPa

[54]

SmO1−xFxFeAs
0 ≤ x ≤ 0.3

Sm, Fe, As →
SmFe3As3 (1 3 3),

Sm2Fe3As3 (2 3 3)
Sm2O3, SmF3, 133, 233

Precursor preparation at
850 ∘C for 10 h

Mixed powders pressed into
Pellets 980 ∘C/40 h/5 ∘C/h to
600 ∘C in evacuated
quartz tube

[2]

NdO1−xFxFeAs
x = 0.11

Nd, As, Fe, Fe2O3, FeF3 Pressed pellets sealed in BN
crucibles. Synthesis at
1300 ∘C/2 h/6 GPa

[20]
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Table 18.6 (continued)

Compound Starting materials Short description Reference

NdO0.94F0.06FeAs NdAs, Fe, Fe2O3, FeF2 Mixed powders pressed into
pellets, 1250 ∘C/2 h/6 GPa

[54]

CeO1−xFxFeAs
x = 0.1, 0.2

Ce, CeO2, CeF3, FeAs Fe + As → FeAs 900 ∘C∕24 h
Mixed powders sealed in

evacuated silica ampoules
sintered at 1000 ∘C/48 h

Pellets wrapped in Ta foil in
evacuated silica ampoules
1180 ∘C/48 h

[59, 60]

Sr0.5Sm0.5FeAsF SrF2, SrAs, SmAs, Fe2As Sr + As → SrAs (873 Ka)
Sm + As → SmAs (1073 Ka)
2Fe + As → Fe2As (1073 Ka)
Ground and mixed powders.
Pressed pellets wrapped in Ta

foil, 1173 K, 40 hb

After grinding second heat
treatment at 1273 K, 20 hb

[26]

Ba1−xKxFe2As2
0 ≤ x ≤ 1

Ba, Fe, As
Ba purified by

distillation
As purified by

sublimation
K doping

BaFe2As2 parent compound
650–900 ∘C in alumina
crucibles in pure argon

Repeated mixing and
annealing required to obtain
phase pure samples

Prereaction of K with As at low
temperatures

[4]

BaFe2(As1−xPx)2
0 ≤ x ≤ 1

Ba, Fe, As, P Mixing and pressing of pellets
in glove box filled with Ar.
All heat treatments
performed in evacuated
quartz tubes 600 K/12 h and
1173 K/40 h

Regrinding and pelletizing
1273 K for 24 h

[30]

Ba0.6K0.4Fe2As2 BaAs, KAs, Fe2As
Composition
Ba0.6K0.42Fe2As2.02

Alumina crucible sealed in a
stainless steel tube.

N2 atmosphere, 800 ∘C/20 h

[41]

LiFeAs Li, Fe, As Starting materials sealed in Nb
tubes welded in Ar

Reaction in evacuated quartz
containers at 740 ∘C for 24 h

[42]

LiFeAs Li, FeAs
Handling in glove box

filled with purified Ar.

Reaction in evacuated quartz
containers at 750 ∘C, 4 days,
heating rate 1 ∘C/min,
cooling to 150 ∘C with
0.05 ∘C/min

[3]

(continued overleaf )
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Table 18.6 (continued)

Compound Starting materials Short description Reference

NaFeAs Na, FeAs Analogously to Li-111
5% excess of Na

[3]

LnO1−xFxFeAs
Ln: La, Pr, Nd,

Sm, Gd
Single crystals

LnAs, FeAs, Fe, Fe2O3,
LnF3

Handling in glove box.
NaCl/KCl flux dissolved

in H2O.

NaCl/KCl flux, precursor:flux
ratio of 1:1 and 1:3

Ground and mixed precursor
powders and flux placed in
BN crucible

3 GPa, RT → Ta in 1 h
Ta = 1350–1450 ∘C for 4–85 h,
Ta → RT in 1–24 h followed
by pressure release

[29]

Ba1−xRbxFe2As2
Single crystals

Ba, Rb, Fe2As, As, Sn Sn flux (Fe ∶ Sn = 1 ∶ 24)
Placed in alumina crucibles

and sealed in silica tubes
1/3 bar

Ar, 850 ∘C∕3 h∕50 h → 500 ∘C
Dissolution of Sn in liquid Hg

at RT and removal of Hg at
190 ∘C in vacuum

[29]

aFor 10 h in evacuated quartz tubes.
bIn evacuated quartz tubes.
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Ba-122-coated conductor exceeds 1MA/cm2 at a zero applied field and a temperature of
10 K. The anisotropy of jc with respect to the applied magnetic field is smaller than that
in RE-123-coated conductors. The ratio of the critical current densities for fields parallel
(B || ab) and perpendicular to the FeAs layers (B || c) is less than a factor of 2 at 4 K and
9T. The jc in the epitaxial FeTe0.5Se0.5 film reaches 0.41 MA∕cm2 without applied field at
4.2 K, and 0.23 MA∕cm2 at 9 T and 4.2 K.
Figure 18.19 shows the critical current densities of Ba-122 [41, 77] and Sr-122 tapes

[78–80] prepared by the ex situ powder-in-tube (PIT) technique. In this technique, fully
reacted (1 2 2) powder is filled into a metal tube (e.g., Ag and Fe) and drawn and rolled into
a tape. In uniaxially pressed Ag/Ba-122 tapes 0.4mm thick, the jc exceeded 20000 A∕cm2

at 4.2 K and 10T parallel to the broad face of the tapes. For an Ag/Ba-122 tape, jc measure-
ments, at up to 28 T, indicate that the iron-based superconductors are potentially high-field
superconductors.
Figure 18.20 shows the field dependence of jc of Ag/Ba-122 [77], Fe/Sr-122 [79], and

Ag/Sr-122 [81] tapes at elevated temperatures. For Ag/Sr-122 [81], the anisotropy with
respect to the direction of the applied magnetic field increases with increasing temperature.

18.7 Summary

The iron-based superconductors with critical temperatures up to 58 K in Sm-1111 [2] form
a second class of high-temperature superconductors. In the iron-pnictides, the supercur-
rents flow in the FeAs layers, which are separated by layers of (for example) LnO (Ln =
lanthanide) in the (1 1 1 1) compounds or layers of Ca, Ba or Sr ions in the (1 2 2) com-
pounds. The nonsuperconducting parent compounds show antiferromagnetic ordering. In
contrast to the cuprates, these parent compounds are metals and not Mott insulators. Dop-
ing suppresses the spin density wave antiferromagnetic ordering, and superconductivity
occurs. In the iron-pnictides, superconductivity can also be induced by doping into the
FeAs layer, whereas doping into the CuO2 planes of cuprates destroys superconductivity.
As in the cuprates, the upper critical fields are extremely high, reaching values of the order
of 100 T at zero temperature. Advantages of the (1 2 2) family are the high critical current
density, and the very small anisotropy of the upper critical field with respect to the direc-
tion of the applied magnetic field. The coherence length perpendicular to the FeAs layers
is extremely short (typically < 1 nm). The iron-based superconductors are extreme Type
II superconductors with penetration depths much larger than the coherence length.
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Outlook

19.1 Introduction

In this book, the physical properties of high-temperature superconductors have been
described. A comparison with simple metallic low-temperature superconductors shows
some special feature characteristics of the cuprate high-Tc superconductors. Their layered
crystal structures cause highly anisotropic physical properties in both the normal and the
superconducting states. New phenomena are the dependence of the critical temperature on
the number of mobile charge carriers per CuO2 unit and the existence of an irreversibility
line well below the upper critical field. The irreversibility line separates a superconducting
state without flux pinning and with vanishing critical current density from a region
with pinned vortices and current transport without resistance. Due to an extremely short
coherence length, the current transport across high-angle grain boundaries is strongly
suppressed; today this is known as the weak-link problem. Another interesting aspect
is the evolution of high-temperature superconductivity from an antiferromagnetic Mott
insulator by means of doping (see Chapter 8). In the last few years, it has been established
that the superconducting order parameter of cuprate high-Tc superconductors has d-wave
symmetry (see Chapter 8). In contrast to simple metallic superconductors, in which the
superconducting energy gap is independent of the wave vector, the width of the energy
gap of high-Tc superconductors depends on the direction of the wave vector and vanishes
at the positions where the sign of the superconducting order parameter changes.
Especially in underdoped cuprate superconductors close to the transition to the insulat-

ing state, a pronounced pseudogap has been observed. Recent results seem to show that the
pseudogap state is in competition with superconductivity and is not a precursor of the super-
conducting state. For the time being, no generally accepted theory of the pairingmechanism
in cuprate high-Tc superconductors has been developed.
Since the discovery of high-temperature superconductivity by J.G. Bednorz and K.A.

Müller, the intermediate-temperature superconductor MgB2 (see Chapter 17) and the
iron-based superconductors (see Chapter 18) have been discovered. It has become clear
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that the pairing of the electrons in MgB2 is mediated by the electron–phonon interaction,
as in simple metallic superconductors. Due to the presence of two superconducting gaps,
MgB2 shows a more complex behavior than simple metallic superconductors.
In the following sections, future investigations of the physical properties of novel super-

conducting materials, directions in the development of superconducting wires and tapes,
and possible future applications will be briefly considered.

19.2 The Investigation of Physical Properties

Future investigations of the physical properties of cuprate and iron-based high-Tc
superconductors will be focused on the clarification of the pairing mechanism and
on materials-science aspects of importance in applications. In order to identify the
pairing mechanism in cuprate high-Tc superconductors, detailed investigations of the
superconducting energy gap and the pseudogap are still a topic of research. Using
scanning tunneling spectroscopy, a spatial variation of the size of the superconducting
energy gap has been observed in Bi-2212 [1–4]. The observed inhomogeneity of high-Tc
superconductivity on the nanometer scale may be of importance for the identification of
the pairing mechanism. The reasons for the existence of the pseudogap have not yet been
fully clarified (see Chapter 8).
The investigation of the symmetry of the superconducting gap (superconducting order

parameter) of iron-based superconductors is at a much earlier stage than that of the cuprate
superconductors. For the iron-based superconductors, various theoretical studies [5–10]
suggest an extended s-wave gap (s± symmetry) without nodes. The absence of nodes
means that there exists no direction in the momentum space at which the superconducting
gap vanishes. A special feature is a sign reversal of the superconducting order parameter
between different Fermi surface sheets (hole and electron pockets [5, 11]). Comparisons
of angle-resolved photoemission spectroscopy (ARPES) data with results of full-potential
linearized plane wave calculations show general similarities in the case of NdOFeAs
(Nd-1111) and Ba1−xKxFe2As2 (Ba-122) [12]. The observed nodeless gap of Nd-1111
points toward s-wave or extended s-wave symmetry of the order parameter. For Ba-122,
the ARPES results indicating a nodeless gap are in contradiction to measurements of
the penetration depth indicating the existence of nodes. Nagi et al. [13] investigated
nuclear magnetic relaxation and the superfluid density (number density of Cooper pairs)
in iron-pnictide superconductors. They show that the experimental data are consistent
with a fully gapped anisotropic s±-wave energy gap. ARPES measurements of the energy
gap of Ba0.6K0.4Fe2As2 are consistent with extended s-wave symmetry [14]. On the other
hand, Reid et al. [15] reported that the symmetry of the order parameter is d-wave in
KFe2As2, whereas it is s-wave in Ba0.6K0.4Fe2As2. For Pr-1111 [16], Sm-1111 [17],
Nd-1111 [18], FeSe1−x [19], Ba-122 [20], and Sr-122 [20], experimental evidence for a
two- or a multigap scenario has been reported.
Measurements of the phonon density of states (PDOS) of LaO1−xFxFeAs [21] by means

of inelastic neutron scattering show that the PDOS of the nonsuperconducting parent com-
pound (x = 0) and the optimally fluorine-doped sample (x = 0.1) are very similar. These
results reported by Christianson et al. [21] are not consistent with electron–phonon medi-
ated superconductivity. Calculations of the electron–phonon coupling in LaO1−xFxFeAs,
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performed by Boeri et al. [22] indicate that the calculated coupling constant is 5–6 times
too small to explain the observed critical temperature of 26K. Theoretical considerations
as well as experimental results favor an unconventional pairing mechanism.
For applications of cuprate high-Tc superconductors, iron-based superconductors, and

MgB2, investigations of the relations between electronic anisotropy, efficiency of flux pin-
ning, and the position of the irreversibility line with respect to the upper critical field are
all of importance. A further cardinal aspect is the presence or absence of weak links. The
investigation of artificial grain boundaries in cuprate high-Tc superconductors revealed that
high-angle grain boundaries can act as weak links for the supercurrents. On the other hand,
it was found that clean grain boundaries of MgB2 do not act as barriers for the supercur-
rents [23]. This means that an intrinsic weak-link problem is absent inMgB2. Nevertheless,
porosity or impurity phases may reduce the connectivity of adjacent grains. Investigations
of iron-based superconductors suggest weak coupling of adjacent grains. However, for the
time being, it is not clear to what extent weak coupling is an intrinsic problem, or if the
observed difference of intergranular and intragranular critical current densities is caused
by impurity phases at the grain boundaries.
Investigations of cuprate high-Tc superconductors indicated that in RE-123 with a mod-

erate electronic anisotropy, the irreversibility line is closer to the upper critical field than
in highly anisotropic Bi-22(n − 1)n or Tl-22(n − 1)n superconductors. Tl-12(n − 1)n and
Hg-12(n − 1)n superconductors show a less pronounced anisotropy than the 22(n − 1)n
compounds, and hence their irreversibility lines are typically closer to the upper critical
field (see Chapter 10).
Artificial pinning centers are very efficient in the moderately anisotropic RE-123 super-

conductors but not in the highly anisotropic Bi-2212. The reason for this difference is the
subdivision of the flux lines into pancake vortices. In (1 2 2) iron-based superconductors,
and perhaps also in MgB2, the electronic anisotropy is smaller than in RE-123; in the
(1 1 1 1) family of iron-based superconductors, it is comparable. The typical upper critical
fields of MgB2 wires and tapes are smaller than that of Nb3Sn and are a limiting factor
for their use in magnet applications. On the other hand, iron-based (1 2 2) superconduc-
tors provide a relatively small electronic anisotropy along with moderately high critical
temperatures of up to 38K.

19.3 Conductor Development

Even for the first generation Ag/Bi-2212 round multifilament wires, there is still progress
in the conductor critical current density. A few years ago, the current carrying capacity
of Ag/Bi-2223 tapes could be significantly improved by heat treatment under high pres-
sure. Very recently, the critical current density of Bi-2212 round multifilament wires has
also been considerably improved by the use of an over-pressure partial melting process
[24–26]. The partial melting process performed under an over-pressure of ≈ 100 bar leads
to densification of the Bi-2212 filaments, avoiding the formation of large bubbles during
the partial melting process. The absence of large bubbles seems to be the main reason for
the improved transport critical current density.
In the case of RE-123-coated conductors, conductor development is focused on improved

flux pinning, increased conductor unit length, and the subdivision of the RE-123 film into
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thinner filaments (see Chapter 15). Improved flux pinning, especially for fields parallel to
the crystallographic c-axis, reduces the undesirable anisotropy of the critical current density
with respect to the direction of the magnetic field. In addition, improved pinning, thinner
substrates, and thicker RE-123 films all provide higher overall tape critical currents.
An important issue for applications is the production of long RE-123 tapes. All chemical

solution deposition techniques may open the way to reduced conductor cost. To reduce AC
losses, the superconductor must be subdivided into thin filaments. Developmental RE-123
conductors with striations provide quasitwisting of the filaments.
In the development of MgB2 conductors (see Chapter 17), improvement of the flux

pinning, well-connected grains (absence of voids and secondary phases at the grain bound-
aries), and an increase of the upper critical field in wires and tapes would all be beneficial.
The development of iron-based conductors is still at an early stage. First results for (1 2 2)
wires prepared by the powder-in-tube method seem to be promising (see Chapter 18). As
in other superconductors, well-connected grains and good flux pinning are required.

19.4 Magnet and Power Applications

Research in the field of superconductivity is stimulated by applications in magnet tech-
nology and the power sector. Advantages provided by the use of superconductivity are
zero resistance and high operation current densities, allowing the reduction of volume
and weight. The most important applications of low-temperature superconductors are for
accelerators, nuclear fusion, magnetic resonance imaging (MRI), and nuclear magnetic res-
onance (NMR). Magnet applications of superconductivity are economic even at operating
temperatures of 4.2K. In the power sector, the use of superconducting cables, transformers,
and generators is only economically competitive with conventional technology at elevated
operating temperatures (30–77K).
The optimum operation temperature of superconducting devices depends strongly on the

required magnetic field. Low-field applications (B ≈ 0.1 T) are superconducting current
leads [27–32] and power transmission cables [33, 34]. The envisaged operating tempera-
ture of superconducting power cables is around 77K. Transformers and MRI require fields
of 1 to 3 T, while for generators and superconducting magnetic energy storage, the typical
fields are in the range of 3–10 T. For these intermediate field applications, the optimum
operation temperatures are expected to be 30–50K. Even higher magnetic fields of 12 to
16 T are envisaged for themagnets of future fusion reactors. High-Tc superconductors oper-
ated at 4.5Kmight be used only for the highest field section of the fusion magnet, while the
lower field sections might be made of low-temperature superconductors (Nb3Sn, NbTi). If
wire or tape costs could be significantly reduced, the whole fusion magnet could be fab-
ricated out of high-Tc superconductors, allowing operating temperatures above 20K. At
present, cable concepts for high current conductors made of coated conductor tapes are
under development [35–39]. Magnetic fields above 25 T would significantly improve the
resolution of NMR spectrometers [40]. At fields well above 20 T, the high-Tc supercon-
ductor will most likely be operated at 4.2K, perhaps enabling the lower field sections to
be made of low-temperature superconductors (Nb3Sn, NbTi). Laboratory magnets gener-
ating fields well above 20 T by means of high-Tc superconductor insert coils are under
development [41–44].
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A further interesting application is the superconducting fault-current limiter [34], which
uses the strongly nonlinear current–voltage characteristic of the superconductor at the tran-
sition to the normal state to limit fault currents in the power grid.
The main hurdle for a widespread use of superconductivity is economic. To make super-

conducting cables, transformers, motors, and generators economically competitive with
the conventional technology, the price of high-Tc superconductors (RE-123-coated conduc-
tors, Ag/Bi-2223, Ag/Bi-2212) needs to be reduced significantly. Mass production could be
expected to strongly reduce coated-conductor cost. The large investments necessary for this
will be made only when there is an adequate demand for large amounts of these materials.
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high-temperature superconductors, 23
In (under pressure), 41
iron-based superconductors, 461–467

dependence on anion height, 463
dependence on Fe-As-Fe bond

angle, 462, 464
effect of chemical pressure, 463, 465
pressure dependence, 465
table, 462

K3C60, 2, 6
(La,Ba)2CuO4+𝛿 (under pressure), 41
La(O1−xFx)FeAs, 2
LiTi2O4, 6
low-temperature superconductors, 22, 29,

30
MgB2, 2, 6
Nb3Ge, 2, 4
NbN, 2, 3
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critical temperature (Tc) (continued)
Pb, 3
SmO0.85FeAs, 6
Sn, 3
SrTiO3, 6
superconducting elements, 29

under high pressure, 30
V3Si, 2
YBa2Cu3O7−𝛿 , 2, 4, 87

crystal structure
Bi-22(n − 1)n, 111–114

Bi-2212, 111–114
atom positions, 114

(Bi,Pb)-2223, 111–114
atom positions, 114

HgBa2Can−1CunO2n+2, 121–125
Hg-1201, 121–123

atom positions, 123
Hg-1212, 124–125

atom positions, 125
Hg-1223, 124–125

atom positions, 125
Hg-1234, 124–125

atom positions, 125
Hg-1245, 124–125

iron-based superconductors, 459–460,
467–472

CaFe2As2 (Ca-122), 472
LaOFeAs (La-1111), 472
lattice parameters, 459–460, 469

(1 1 1 1) family, 468, 469
Ba-122, 469
FeSe, 469
LiFeAs, 469

layering schemes, 459–460
(1 1) family, 459–460
(1 1 1) family, 459–460
(1 1 1 1) family, 459–460
(1 2 2) family, 459–460

La2CuO4, 107–109
atom positions, 109

MgB2, 424
Tl-1223, 119–121

atom positions, 121
Tl-2201, 114–116

atom positions, 116
Tl-2212, 116–117

atom positions, 117
Tl-2223, 116, 118–120

atom positions, 120

Tl-2234, 118–120
atom positions, 120

YBa2Cu3O7−𝛿 , 108–111
atom positions, 111

CuBa2Can−1CunO2n+2 (Cu-12(n − 1)n), 90
(Cu,C)Ba2Can−1CunO2n+3

((Cu,C)-12(n − 1)n), 90
CuO chains (REBa2Cu3O7), 89, 109–110
CuO2 layers (see CuO2 planes)
CuO2 planes, 87–91, 93–94, 96–97, 108,

110–112, 135, 138
inner CuO2 planes, 135
outer CuO2 planes, 135

nonuniform hole distribution among
planes, 138

CuO2 sheets (see CuO2 planes)
cuprate superconductor films, 393–416

deposition techniques
Bi-based HTS films, 394

table, 395–397
Hg-based HTS films, 397, 400–404

table, 401–403
RE-123 HTS films, 404–407

table, 405–407
Tl-based HTS films, 394, 397

table, 398–400
multilayers (ultrathin films), 407–412

critical temperature, 410
MgO/Pr-123/Y-123, 407–408
SrTiO3/Pr-123/Y-123/Pr-123,

408–409
superlattices (La,Sr)2CuO4/La2CuO4),

410–412
critical temperature, 411–412

strain effects, 412–416
Tl-Hg cation exchange, 400

cuprate superconductors
AlSr2Can−1CunO2n+3 (Al-12(n − 1)n), 89
BSr2Can−1CunO2n+3 (B-12(n − 1)n), 89
Bi2Sr2Can−1CunO2n+4 (Bi-22(n − 1)n), 89
cation disorder, 94
CuBa2Can−1CunO2n+2 (Cu-12(n − 1)n),

90
(Cu,C)Ba2Can−1CunO2n+3

((Cu,C)-12(n − 1)n), 90
doping (see also charge carrier

density), 93–96
electron-doped cuprate

superconductors, 95
Nd2−xCexCuO4, 95
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Pr2−xCexCuO4−𝛿 , 95
Sm2−xCexCuO4, 95

GaSr2Can−1CunO2n+3 (Ga-12(n − 1)n), 90
HgBa2Ca2Cu3O8+𝛿 (see also Hg-1223), 2,

5
HgBa2Can−1CunO2n+2

(Hg-12(n − 1)n), 89
La-214, 89
La2−xBaxCuO4, 6, 87
oxygen content, 94
RE-123, 89
self-doping, 94
Tl-12(n − 1)n (TlM2Can−1CunO2n+3)

(M = Ba or Sr), 89
Tl-2201 (Tl2Ba2CuO6), 89
Tl-2212 (Tl2Ba2CaCu2O8), 89
Tl-2223 (Tl2Ba2Ca2Cu3O10), 89
Tl-22(n − 1)n (Tl2Ba2Can−1CunO2n+4), 89
Y-123 (YBa2Cu3O7−𝛿), 2, 4, 87

current leads, 249, 293, 317, 320, 492
current-voltage characteristic (NIN

junction), 54
current-voltage characteristic (NIS

junction), 58
current-voltage characteristic (SIS

junction), 59
current-voltage characteristic (vortex

glass), 217–218

de Broglie relation, 101
de Broglie relationship, 52
Debye frequency, 35, 48–50, 279
Debye model, 279
Debye temperature, 35, 40, 279, 434
density of energy states, 15, 40, 47–48, 159

density of states (superconducting energy
gap), 47

d-wave superconductor, 159
s-wave superconductor, 159

differential thermal analysis (DTA), 341
Dimos experiment, 189
doping, 93–96, 461, 463, 464

cuprates, 93–96
Fe-based, 461, 463, 464

drift velocity (electrons), 19
Dulong–Petit value (specific heat), 434
d-wave superconductor, 159, 162

effective mass (electrons), 19–20
Ehrenfest relationship, 144

Einstein specific heat, 283
electrical conductivity, 19–20
electrical resistance, 13–21

gold, 1
metals, 1
mercury, 1–3
platinum, 1

electron concentration, 16
electron-doped cuprate superconductors, 95

Nd2−xCexCuO4, 95
Pr2−xCexCuO4−𝛿 , 95
Sm2−xCexCuO4, 95

electron-electron interaction, 87
electron-phonon coupling, 49, 490
electron-phonon coupling constant, 49

intermediate coupling, 49
strong coupling, 49
weak coupling, 49

electron-phonon interaction, 20–21, 45–48,
50, 424, 450

energy gap (semiconductors), 17–18
energy gap (superconductor), 47

antinodal gap, 160
BCS theory, 47–49
cuprates, 153

maximum gap, 169–171
table, 170

spatial variation, 170
density of states close to EF, 47
Fe-based superconductors, 471, 473

ARPES, 473
point-contact Andreev-reflection

spectroscopy (PCAR), 473
table, 473

nodal gap, 160
nodes, 154
relation with Tc (BCS theory), 48
symmetry, 153–154

engineering critical current density, 340, 370
extended s-wave gap, 490

fault current limiters, 293, 317, 339, 493
Fermi-Dirac distribution function, 15, 265
Fermi energy, 15
Fermi gas, 20
Fermi liquid, 20–21
Fermi liquid behavior (overdoped

cuprates), 162
Fermi liquid theory, 20, 151
Fermi surface (CuO2 planes), 159
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Fermi wave number, 15
FeSe, 469–471
FeTe, 471
flux creep resistance, 212

activation energy, 216, 217
flux flow resistivity, 81–82, 203
flux-line lattice, 204

Bi2Sr2CaCu2O8+x, 204
YBa2Cu3O7, 204, 205

flux-line lattice melting, 171–172
flux lines, 83, 203
flux pinning, 79, 83, 203–226, 371

BaZrO3 nanorods, 371
flux quantization, 2, 4, 50–52
flux quantum, 52, 77
field penetration (thin superconducting

slab), 32–34
formal valence (Cu in cuprate

superconductors), 94, 96, 97
formal valence at maximum Tc, 132, 135

free electrons (see also conduction
electrons), 13–14

density of states, 16
energy eigen values, 14
momentum, 14
wave function, 14
wave vector, 14

GaSr2Can−1CunO2n+3 (Ga-12(n − 1)n), 90
generators, 492
generic phase diagram (hole-doped

cuprates), 151–153, 161
carrier concentration, 152
optimum carrier concentration (maximum

Tc), 161
overdoped, 162

generic phase diagram (iron-based
superconductors), 459, 465–467

parent compounds, 459
phase diagram ((1 1 1 1) family), 465–466
phase diagram ((1 2 2) family), 467

Gibbs free energy, 36
Ginzburg–Landau equations, 71
Ginzburg–Landau (GL) parameter, 73

cuprates, 166, 194
table, 167–168

MgB2, 433
table, 74

Ginzburg–Landau (GL) theory, 4, 70–73
grain alignment, 344

grain-boundary weak links, 180, 188–191,
423

granular cuprate superconductor, 180
granularity, 180

Hall coefficient, 95
Hall effect, 94–95
Hall voltage, 94–95
helium liquefaction, 1, 2
Hg-1201

crystal structure, 121–123
atom positions, 123

dependence of Tc on charge carrier
density, 134

lattice parameters, 123
powder synthesis, 311–313
pressure dependence of Tc, 142
specific heat, 283
XRD pattern, 122

Hg-1212
crystal structure, 124–125

atom positions, 125
dependence of Tc on charge carrier

density, 134
lattice parameters, 125
powder synthesis, 313–314
pressure dependence of Tc, 142
XRD pattern, 123

Hg-1223
crystal structure, 124–125

atom positions, 125
dependence of Tc on charge carrier

density, 134
lattice parameters, 125
powder synthesis, 313, 315–317
pressure dependence of Tc, 142
record Tc value, 5

high-angle grain boundaries, 190
high-temperature superconductivity, 4
high-temperature superconductor (HTS)

wires
first-generation HTS wire, 340–361

Ag/Bi-2212-coated conductors, 347
Ag/Bi-2212 wires and tapes, 341–353

bubble formation, 346
critical current densities, 349–353
dip-coating, 347, 348
electrophoretic deposition, 347
heat treatment schedules, 343–345,

348
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melt processing, 346
overpressure processing, 346
partial melting, 341, 344
partial melting temperature, 344
phase assembly, 346
residual carbon content, 346
round wire, 341
step solidification, 344
tape casting, 347–348
void swelling, 345

Ag/Bi-2223 tapes, 341, 351–361
average particle size, 356–357
c-axis texture, 354, 356, 361
colony structure, 356
critical current, 358–359
critical current normalized to jc(77

K, sf), 360
deformation studies, 357
heat treatment atmosphere, 354
high pressure processing, 357, 358
lead substitution, 354
powder-in-tube method, 352
residual carbon content, 356
rolling, 353

powder-in-tube (PIT)
method, 341–342, 352

second-generation HTS wire (coated
conductors), 339–340, 361–381

biaxial texture, 361
buffer layer architectures, 365–369
buffer layers, 364
chemical vapor deposition, 362
critical current densities, 370–377

angle dependence, 373, 375–377
77 K, 1 T, 375
20–50 K, 3 T, 376
4.2 K, 60 K at high fields

anisotropy, 371, 377
field dependence at 77 K, 370–372
field dependence (4.2–65 K), 371,

373
temperature-dependence, 371, 374

electron beam evaporation, 362, 364
flux pinning, 371

BaZrO3 nanorods, 371
inclined substrate deposition

(ISD), 363
ion-beam-assisted deposition

(IBAD), 362
buffer layer sequences, 370

lengthy coated conductors, 379–381
microstructure, 377–379
pulsed laser deposition (PLD), 362,

363
RABiTS (Rolling Assisted Biaxially

Textured Substrates), 363–364
film sequences, 370
yield strength of Ni, 369
yield strength of Ni-W, 369

RE-123, 347
weak-link problem, 361
X-ray 𝜙 scans, 362

holes (in cuprate superconductors), 94
hopping rate (flux lines), 207
HTS insert coil, 340

inclined substrate deposition (ISD), 363
intrinsic pinning (cuprates), 203, 205–207
iodometric titration, 96
ion-beam-assisted deposition (IBAD), 362

buffer layer sequences, 370
iron-based superconductors, 459–482

critical current densities, 477, 480–482
critical temperatures, 461–467

dependence on anion height, 463
dependence on Fe-As-Fe bond

angle, 462, 464
effect of chemical pressure, 463, 465
pressure dependence, 465
table, 462

crystal structures, 459, 467–471
CaFe2As2 (Ca-122), 472
LaOFeAs (La-1111), 472
layering schemes, 459–460

(1 1) family, 459–460
(1 1 1) family, 459–460
(1 1 1 1) family, 459–460
(1 2 2) family, 459–460

lattice parameters, 459–460
(1 1 1 1) family, 469
Ba-122, 469
FeSe, 469
LiFeAs, 469

dependence of Tc on doping, 461, 463,
464

doping, 461
FeAs layer, 460
iron-chalcogenide (FeCh) layers, 460
iron-pnictides, 6, 459–460
La(O1−xFx)FeAs (La-1111), 2, 6
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iron-based superconductors (continued)
lower critical field, 473–474

table 474
magnetic instability, 459
parent compounds, 459
phase diagram ((1 1 1 1) family), 465–466
phase diagram ((1 2 2) family), 467
physical properties, 471–477

characteristic length scales, 473, 475
table (penetration depth, coherence

length), 475
energy gap, 471, 473

ARPES, 473
point-contact Andreev-reflection

spectroscopy (PCAR), 473
table, 473

resistivity, 475–477
Sm(O1−xFx)FeAs (see Sm-1111)
SmO0.85FeAs (see Sm-1111)
spin density wave (antiferromagnetic

ordering), 465–467
structural instability, 459
synthesis, 477

table, 478–480
upper critical field, 473–474

table, 474
irreversibility field (Birr), 171, 218–221

anisotropy, 219, 221
irreversibility line, 171–174, 194, 203,

216–226
after irradiation, 222, 225, 226

irreversibility temperature, 172–173
isotope effect (Tc), 50–51, 424–425

isotope effect exponent, 50–51
MgB2, 424–425

Josephson AC current, 61–62
Josephson DC current, 59–61
Josephson–Fraunhofer diffraction pattern, 64
Josephson–Fraunhofer interference, 64

Knight shift, 137

La-1111 (LaO1−xFxFeAs), 2, 6, 459–463,
469, 472, 474–476, 478

coherence length, 475
critical temperature, 461–463
crystal structure, 472
doping, 461
energy gap, 473

lattice parameters, 469
layering scheme, 459–460
parent compound (LaOFeAs), 465–466,

469, 472, 475–476
penetration depth, 475
phase diagram, 466
resistivity, 476
synthesis, 478
upper critical field, 474

Landau theory, 70
LaOFeAs (see La-1111)
Laue method, 104–105
lattice parameters

Bi-2212, 111
(Bi,Pb)-2223, 111
cuprate superconductors (table), 126–127
Fe-based superconductors, 459–460

(1 1 1 1) family, 469
Ba-122, 469
FeSe, 469
LiFeAs, 469

Hg-1201, 123
Hg-1212, 125
Hg-1223, 125
Hg-1234, 125
Hg-12(n − 1)n, 127
La2CuO4, 89, 107
MgB2, 424
Tl-2201, 114
Tl-2212, 116
Tl-2223, 116, 118
Tl-2234, 118
Tl-12(n − 1)n, 127
YBa2Cu3O7, 89

lattice vibrations (see phonons)
layering schemes (cuprate

superconductors), 88–91
HgBa2Can−1CunO2n+2

(Hg-12(n − 1)n), 89, 91
La2CuO4, 88
Tl2Ba2Can−1CunO2n+4

(Tl-22(n − 1)n), 89–90
YBa2Cu3O7, 88

layering schemes (Fe-based
superconductors), 459–460

(1 1) family, 459–460
(1 1 1) family, 459–460
(1 1 1 1) family, 459–460
(1 2 2) family, 459–460
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LiFeAs (Li-111), 459–460, 462, 470, 473,
475, 479

coherence length, 475
critical temperature, 462
energy gap, 473
lattice parameters, 470
layering scheme, 459–460
penetration depth, 475
synthesis, 479

London equations, 3, 31–32
London penetration depth, 3, 26, 27, 32
London theory, 2, 4, 26, 32
loop currents (see orbital currents)
Lorentz force, 203, 205, 208, 268, 339
low-angle gain boundaries, 188
lower critical field (Bc1), 69, 75

cuprates, 165, 174–176
table, 175

Fe-based superconductors, 473–474
table, 474

magnet applications, 317, 339
magnetic bearings, 293, 317
magnetic phase diagram, 171–174

cuprates, 171–172
Type I, 28, 78
Type II, 78, 171

magnetic relaxation effects, 207
logarithmic relaxation, 208
nonlogarithmic relaxation, 208
relaxation of remanent

magnetization, 209–210
magnetic resonance imaging (MRI), 345, 492
magnetic shielding, 293
magnetic susceptibility, 38
map of highest critical temperatures, 5
Matthieson’s rule, 20
Mauguin–Hermann symbols, 104
Maxwell equations, 31–32
mean free path of electrons, 73
Meissner effect, 3, 25, 27, 30, 31, 69
melt-cast process, 317–318
metal-insulator transition, 152
MgB2, 423–450, 489–490

coherence length, 432, 433
conventional superconductor, 425, 492
critical temperature, 423
crystal structure, 424
electron-phonon interaction, 424
energy gap

band coupling, 427
𝜋-band gap, 425–427
𝜎-band gap, 425–427

Ginzburg–Landau parameter, 432, 433
grain-boundary weak links, 423
irreversibility field, 430–432
irreversibility line, 429–432
isotope effect, 424–426

partial B isotope effect exponent, 425
partial Mg isotope effect exponent, 425

lattice parameters, 424
penetration depth, 432, 433
physical properties (table), 433
resistivity, 434–435

residual resistivity ratio, 434
specific heat, 434, 436–437
thermal conductivity, 434, 436
two gap superconductor, 425, 426
two gaps, 425–427, 490
two-gap scenario, 426–428

angle-resolved photo electron
spectroscopy (ARPES), 426

electronic specific heat, 427
point-contact Andreev-reflection

spectroscopy, 426
scanning tunneling spectroscopy, 426
specific heat jump, 427–428

upper critical field, 428–432
angular dependence, 429
anisotropy factor, 429
evidence for two-gap scenario, 428
table, 430

XRD pattern, 424–425
𝜋-band, 425
𝜎-band, 425
𝜎-band holes, 425

MgB2 bulk material, 444–446
MgB2 films, 446–450

critical current densities, 449
multilayers, 448–450
preparation, 446–448

table, 447–448
ultrathin films, 448–449

MgB2 wires and tapes, 437–444
critical current densities, 441–444
ex situ route, 437–440
high-pressure deformation, 442
in situ route, 437–440
mono-core wires, 437–439, 442
multifilament wires, 437–439, 442
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MgB2 wires and tapes (continued)
powder, 440, 442
powder-in-tube (PIT) method, 437–442
sheath materials, 439–440

Miller–Bravais indices, 102
Miller indices, 102–103, 106
mixed state, 75, 79–80
molecular superconductors, 6
Mott insulator, 21, 87, 151–152, 161
Mott transition, 21
muon spin rotation, 137, 158

Nd-1111 (NdO1−xFxFeAs), 462, 464, 474,
476, 478–479

critical temperature, 462
energy gap, 473
irreversibility field, 474
resistivity, 476
synthesis, 478–479
upper critical field, 474

Néel temperature, 152
Nernst coefficient, 268
Nernst effect, 158, 160, 265, 268, 273–276

vortex Nernst effect, 268
neutron diffraction, 106–107
neutron scattering, 158
NMR spectrometers, 492
Nobel prize winners, 2
nuclear magnetic resonance (NMR), 137, 158

chemical shift, 137
Knight shift, 137

Ohm’s law, 31
optimum hole concentration (cuprates) (see

formal valence)
orbital currents, 161–162
organic superconductor, 6
oxalate co-precipitation, 294–295, 297, 299,

303–304,

pancake vortices, 205
paramagnetic susceptibility, 77
partial melting process, 341
Pauli limiting field, 77
Pauli’s exclusion principle, 15, 20, 21, 35, 47
Pauli spin susceptibility, 77, 137
Peltier coefficient, 266
Peltier effect, 265–266
penetration depth, 32, 72–73, 165–169,

432–433, 475

cuprates, 165–169
Fe-based superconductors, 475
MgB2, 432, 433

perfect diamagnetism, 2, 24, 38
phonons, 19
pinning potential, 207–209
powder-in-tube (PIT) method, 341–342, 352,

437–442
power applications, 339
power transmission cables, 339, 492
pressure dependence of Tc

(cuprates), 139–145
Bi-2212, 140
(Bi,Pb)-2223, 140
Hg-1201, 142
Hg-1212, 142
Hg-1223, 142
initial pressure derivatives

Hg-based cuprate
superconductors, 143

table, 144
Tl-1223, 141
Tl-2201, 141
Tl-2212, 141
Tl-2223, 141
uniaxial pressure, 143–145

probability density, 17
processing (cuprate superconductor

powders), 293–317 (see also
synthesis)

pseudogap, 151, 158–162
pseudogap temperature, 160

pyrolysis, 299

quantum interference effects, 45
single SIS contact, 62–64
double SIS contact, 64–66

RABiTS (Rolling Assisted Biaxially Textured
Substrates), 363–364

film sequences, 370
yield strength of Ni, 369
yield strength of Ni-W, 369

relative permeability, 38
relaxation rate (magnetization), 211
relaxation time, 19
residual resistivity, 1, 20
residual resistivity ratio RRR (definition), 20
resistivity, 20–21

intrinsic (metals), 20
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upper limit in superconducting
state, 23–24

resistivity (normal state)
cuprate superconductors, 232–249

anisotropy of resistivity, 239–241
anisotropy ratios, 239, 241
Bi-based cuprates, 233–234

in-plane anisotropy (Bi-2212), 233,
239–240

effect of heat treatments, 234,
236–237

Hg-based cuprates, 234–235
irradiation effects on Tc, 238–239
La2−xSrxCuO4 (sintered), 232–233
RE-123, 234, 236
relation with pseudogap

temperature, 241, 248–249
table, 242–247
Tl-based cuprates, 234–235

Fe-based superconductors, 475–477
MgB2, 434–435

Rutger’s formula, 40
Rutherford cables (Ag/Bi-2212), 351

Scanning tunneling microscopy (STM), 170
scanning tunneling spectroscopy (STS), 158,

159
Schottky anomaly, 279
Schottky barrier, 191–193
Schottky contribution (see Schottky specific

heat)
Schottky specific heat, 280, 289
Schrödinger equation, 14, 17
screening currents, 24

thin superconducting slab, 34–35
Seebeck coefficient, 265–266, 269–273
Seebeck effect, 265
Shubnikov phase (see mixed state)
Sm-1111 (SmO1−xFxFeAs), 6, 459, 461–463,

466, 468, 473, 474
critical temperature, 459, 461–463
energy gap, 473
lattice parameters, 469
penetration depth, 475
phase diagram, 466
resistivity, 476
upper critical field, 474

small-angle grain boundaries, 355
solid-state reaction, 294–295, 298–300, 302,

305, 311

space charge region, 191–193
space charge effects, 192
space group, 104
space group symbol, 104
specific heat

cuprates
low temperature specific

heat, 280–283
Bi-2212, 281, 282
(Bi,Pb)-2223, 281, 283
Hg-1201, 283
La2CuO4, 283
Y-123, 280, 281
Y-124, 283
Y-247, 283

specific heat jump at Tc, 284–286
Bi-2212, 284, 285
(Bi,Pb)-2223, 284, 285
Dy-123, 284
Gd-123, 284, 285
in-field data, 284
Tl-2223, 284, 285
Y-124, 284, 285
Y-123, 284, 285

specific heat data up to room
temperature, 287–288

Debye approximation, 34–35, 279
electron contribution (electron-specific

heat), 35–36
jump in specific heat at Tc, 40–41, 280
normal state, 35–36

at low temperatures, 37
phonon contribution (phonon-specific

heat), 34–36, 279
Sr-122, 462, 481

critical current density, 481
critical temperature, 462

standard enthalpies of formation
(Bi-Sr-Ca-Cu-O system), 298

strong links, 180, 355
structure factor, 106
superconducting elements, 29, 30

Tc under high pressure, 30
superconducting order parameter,

151–152
antinodal direction, 159, 162
d-wave symmetry, 151–154, 162
extended s-wave, 490
nodal direction, 152, 159, 162
s-wave symmetry, 151–154
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superconductivity
discovery, 1–4
macroscopic quantum phenomenon, 3,

45–66
milestones in history of

superconductivity, 2
superconductor thermodynamics, 34–42

entropy, 38–40
Gibbs free energy, 34, 36
Gibbs free energy of normal state, 37, 39
Gibbs free energy of superconducting

state, 38, 39
internal energy, 36
normal state entropy, 37
specific heat, 39–41

surface energy, 72, 73
synthesis (cuprate superconductor

powders), 293–317
Bi-based superconductors, 296–303

Bi-2212, 296–299
oxalate co-precipitation, 299
pyrolysis, 299
solid-state reaction, 298–299

table, 299
(Bi,Pb)-2223, 296, 298–303

freeze-dried nitrate solutions, 302
heat treatment atmosphere, 300
oxalate co-precipitation, 303, 304
partial lead substitution, 300
solid-state reaction, 300, 302
two-powder process, 300, 302

Hg-based superconductors, 311–317
Hg-1201, 311–313
Hg-1212, 313, 314
Hg-1223, 313, 315, 316
Hg-1234, 313
solid-state reaction, 311

Tl-based superconductors, 303–311
Tl-1212, 305, 306, 308
Tl-1223, 305, 306, 309, 310
Tl-2201, 304, 305
Tl-2212, 305, 306
Tl-2223, 305, 307, 308
Tl-2234, 305
two-step synthesis routes, 303–304

Y-based superconductors, 294–296
citrate pyrolysis, 294, 296
oxalate co-precipitation, 294–295, 297
solid-state reaction, 294–295

thermal conductivity (cuprates), 249–256
anisotropy, 253, 255
bulk cuprate superconductors, 253, 254
effect of applied magnetic field, 255, 256
electronic contribution, 250, 251
measurement, 251, 253
melt-textured Y-123, 253
phonon contribution, 249, 250
polycrystalline cuprate

superconductors, 251–252
aligned (Bi,Pb)-2223, 252

single crystals, 253–255
thermally activated flux creep, 203, 207–216
thermocouple, 266, 267
thermopower (thermoelectric power), 265

cuprates, 269–273
Thomas–Fermi screening length, 191
Thomson coefficient, 266
Thomson effect, 265, 266
Thomson relations, 268
tilt grain boundaries, 190
Tl-1212, 305, 306, 308
Tl-1223, 119–121, 141, 304–306, 309, 310

copper oxide blocks, 119
crystal structure, 119–121

atom positions, 121
initial dTc/dp, 141
powder synthesis, 304–306, 309, 310
XRD pattern, 120

Tl-2201, 89, 114–116, 140, 141, 304, 305
copper oxide blocks, 114, 115
crystal structure, 114–116
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