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50. High-Temperature Superconductors

Rainer Wesche

The discovery by J. G. Bednorz and K. A. Müller
in 1986 that the superconducting state can exist
in oxides at temperatures above 30 K stimulated
research in the field of superconductivity and
opened a new field of research. Within a few
years a large number of cuprate superconduc-
tors with transition temperatures well above the
boiling point of liquid nitrogen have been found.
In this chapter, an overview of the major families
of high-temperature superconductors and their
physical properties is presented.

Starting from the well-known characteris-
tics of conventional superconductors, described
in Sect. 50.1, the new phenomena observed in
high-temperature superconductors are consid-
ered. The complexity of the physical properties
of the cuprate superconductors is closely re-
lated to the fact that these materials are close
to a metal–insulator transition. In Sects. 50.2
and 50.3, the crystal structures, the general trends
for the critical temperatures, the anisotropy of the
physical properties, and the factors limiting the
transport critical current density are discussed.
Because of their importance in the field of elec-
tronics some features of thin films are presented
in Sect. 50.4.

Strictly speaking, the binary compound MgB2
is not a high-temperature superconductor. Nev-
ertheless, an overview of the physical properties
of this interesting metallic superconductor, char-
acterized by a transition temperature as high as
39 K, has been included in the present chap-
ter (Sect. 50.5).

In 2008, H.Hosono et al. discovered that the
layered superconductor La.O1�xFx /FeAs (x D 0:11)
superconducts at a temperature as high as 26K.
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A maximum critical temperature of 58K has been
reported for the iron-pnictide superconductor
Sm.O0:74F0:26/FeAs. The iron-based superconduc-
tors are therefore considered as a second class of
high-temperature superconductors. Their proper-
ties are described in Sect. 50.6.

After the successful development of helium liquefac-
tion techniques in the laboratory of Heike Kammer-
lingh Onnes at the University of Leiden, temperatures
down to about 1K became accessible for further re-
search [50.1]. One of the first aspects to be studied
was the electrical resistivity of pure metals at very

low temperatures. The nearly temperature-independent
residual resistivity of platinum and gold was found to
decrease with increasing purity of the metals. In 1911,
Kammerlingh Onnes found that, in contrast to the be-
havior of platinum and gold, the electrical resistivity
of mercury drops to an unmeasurably small value at
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Fig. 50.1 Resistance–temperature plot for mercury ob-
tained by Heike Kammerlingh Onnes

a temperature of 4:2K, as shown in Fig. 50.1. The re-
markable phenomenon of superconductivity had been
discovered [50.1].

In addition to zero resistance, the superconduct-
ing state is characterized by perfect diamagnetism.
W. Meissner and R. Ochsenfeld found in 1933 that, as
soon as the superconducting state is reached, a magnetic
field is expelled from the interior of a superconductor
cooled in the presence of a static magnetic field [50.2].
In contrast to the shielding of a magnetic field applied
to a material in the superconducting state, field expul-
sion cannot be explained by perfect conductivity. This
Meissner effect is therefore indeed an additional char-
acteristic property of superconductors.

The discoveries listed in Table 50.1 provide an
overview of the history of superconductivity. The im-
provement in the highest known critical temperatures

Table 50.1 Milestones in the history of superconductivity

1911 H. Kammerlingh Onnes discovers superconductivity in Hg [50.1]
1933 W. Meissner and R. Ochsenfeld find perfect diamagnetism for the superconducting state [50.2]
1935 London theory of the superconductor electrodynamics [50.3]
1957 J. Bardeen et al. develop a quantum theory of superconductivity (BCS theory) [50.4, 5]
1960 I. Giaever measures the energy gap by electron tunneling [50.6, 7]
1961 Experimental confirmation of flux quantisation indicating the existence of Cooper pairs [50.8, 9]
1962 B.D. Josephson predicts Cooper pair tunneling between two superconductors separated by a thin insulating oxide

layer [50.10]
1965 Observation of superconducting quantum interference between Josephson junctions in multiply connected supercon-

ducting circuits [50.11]
1986 J. G. Bednorz and K. A. Müller discover high-temperature superconductivity in the La-Ba-Cu-O system [50.12]
1993 Critical temperature of 135K in HgBa2Ca2Cu3O8Cı [50.13, 14]
2001 J. Akimitsu et al. discover superconductivity at 39K in MgB2 [50.15]
2008 H. Hosono et al. discover superconductivity at 26K in the layered iron pnictide La.O0:89F0:11/FeAs [50.16]

in metals, oxides, molecular (organic), and iron-based
superconductors is shown in Fig. 50.2. Between 1911
and 1974, the critical temperatures Tc of metallic super-
conductors steadily increased from 4:2K in mercury up
to 23:2K in sputtered Nb3Ge films [50.17, 18]. Nb3Ge
held the record for the critical temperature in metallic
superconductors until the unexpected discovery of su-
perconductivity at 39K in the intermetallic compound
MgB2 [50.15].

The first superconductingxoo oxide SrTiO3 charac-
terized by a transition temperature as low as 0:25K
was discovered in 1964 [50.19]. A remarkably higher
critical temperature of 13K was found for the per-
ovskite BaPb1�xBixO3 in 1975 [50.20]. These results
stimulated J. G. Bednorz and K.A. Müller to search for
higher critical temperatures in oxides. Their discovery
of high-temperature superconductivity in the cuprate
.La; Ba/2CuO4 (Tc � 30K) opened up a new field of
research [50.12]. Within less than a year a critical tem-
perature well above the boiling point of liquid nitrogen
could be achieved in YBa2Cu3O7�ı [50.21]. So far, the
highest transition temperature of 135K at ambient pres-
sure has been found in HgBa2Ca2Cu3O8Cı [50.13, 14].

It should be mentioned that the phenomenon of su-
perconductivity has also been observed in organic ma-
terials [50.22–24] and fullerenes [50.25–27]. Remark-
ably, high transition temperatures of 19, 33 and 40K
have been found in the fullerenes K3C60, RbCs2C60, and
Cs3C60 respectively.

Since H. Hosono and collaborators discovered in
2008 [50.16] that the iron-pnictide La.O0:89F0:11/FeAs
superconducts at a temperature of 26K, the cuprates
are no longer the only known class of complex high-
temperature superconductors. The highest reported crit-
ical temperatures of iron-based superconductors are in
the range of 56�58K.

An important advantage of high-temperature super-
conductors is the possibility of operating devices at
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Fig. 50.2a,b Highest known critical temperatures of metallic, oxide, molecular (TMTSF and BEDTF-TTF) and iron-
based superconductors. Between 1911 and 1974, the critical temperature of metallic superconductors increased steadily
from 4:2K (Hg) to 23:2K (Nb3Ge). In 2001, the unexpected discovery of superconductivity in MgB2 raised the maxi-
mum known Tc of metallic superconductors to 39K. After the discovery of high-Tc superconductivity in .La;Ba/2CuO4,
in 1986, the maximum Tc of oxides rapidly exceeded 77K the boiling point of liquid nitrogen (a). In 1980, a first
molecular superconductor was discovered. In the fullerene Cs3C60, a remarkably high Tc of 40K was found. Between
2006 and 2013, the maximum known Tc of iron-based superconductors increased from around 4K (LaOFeP) to 58K
(SmO0:74F0:26FeAs) (b). (After [50.12–34])

temperatures well above 20K, leading to a considerable
reduction in the required refrigerator input power. In
contrast to power applications, the use of liquid nitrogen
as a coolant is of less importance for superconducting
electronics, which are typically cooled by closed cycle
coolers. The economics of closed cycle coolers depends
strongly on the operating temperature. Considering an
ideal, reversible cooling cycle, the input power neces-
sary to remove a heat load dQ=dt is

Pin D 1

�C

dQ

dt
; (50.1)

where

�C D Top
300K�Top

(50.2)

is the Carnot efficiency. To remove a heat input of 1W
an ideal, reversible refrigerator consumes at room tem-
perature a power of 70W for Top D 4:2K, whereas this
power is only 9 and 2:9W for operation at 30 and
77K, respectively. The efficiency �r of real refriger-
ators is much smaller than the Carnot efficiency, and
depends strongly on the refrigerator size, as illustrated
in Fig. 50.3. For small refrigerators able to remove
a power of 1W, the refrigerator efficiency is only a few

100
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1
0.001 10000.01 0.1 1 10 100

ηr/ηC (%)

dQ/dt (kW)

Fig. 50.3 The efficiency of real refrigerators normalized
to the Carnot efficiency is typically in the highlighted area.
The ratio of �r=�C increases with increasing refrigeration
capacity. (After [50.35])

percent of the Carnot efficiency. On the other hand,
large refrigerators with a cooling capacity well above
10 kW may reach 30% of the Carnot efficiency. The ra-
tio �r=�C has been found to depend only weakly on the
operating temperature.
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50.1 The Superconducting State

50.1.1 Characteristic Properties
of Superconductors

The discussion of the physical properties of high-
temperature superconductors has to be based on the
knowledge of the behavior of conventional, metallic su-
perconductors. In this section the superconducting state
is therefore described in more detail, starting from the
properties of simple, metallic superconductors.

Below a certain temperature, Tc the electrical re-
sistance of a superconducting material vanishes. The
critical temperature Tc is characteristic of the supercon-
ductor in question. In pure metals, the zero resistance
state can be reached within a few mK (Fig. 50.1). In the
chemically complex cuprate, high-Tc superconductors
the transition to the superconducting state is less sharp
than in metallic low-Tc superconductors. The transition
width Tc for single-phase cuprate superconductors is
typically 1K. Thus the critical temperature depends
slightly on the criterion used to define Tc. Several crite-
ria are illustrated in Fig. 50.4.

At the transition temperature, a resistance drop
of several orders of magnitude is typically observed.
However, it is in principle not possible to prove experi-
mentally that the resistance in the superconducting state
is in fact zero. The most efficient way to determine an
upper limit of the resistance is to detect the decay of the
magnetic fields generated by currents induced in a su-
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Fig. 50.4 Resistance versus temperature for
a Bi2Sr2CaCu2O8/Ag multicore wire. The transi-
tion temperatures resulting from different definitions
of Tc are indicated. The width of the transition
Tc D Tc.90%/�Tc.10%/ is � 1:2K

perconducting loop. Upper resistivity limits between
2�10�18 [50.36] and 7�10�23� cm [50.37] have been
reported for the high-Tc superconductor YBa2Cu3O7,
while a value of 3:6�10�23� cm has been found for
type I low-Tc superconductors [50.38]. These upper re-
sistivity limits are orders of magnitude smaller than
the resistivity of 10�10� cm at 4:2K achievable in
annealed, very pure metals. It is therefore justified to as-
sume zero resistance below Tc for all practical purposes.

The second outstanding feature of the supercon-
ducting state is perfect diamagnetism. To understand
the magnetic behavior of a superconductor, the two
different situations illustrated in Fig. 50.5 have to be
considered. In the first case, the superconductor is
cooled below Tc without an applied magnetic field (zero
field-cooled). In the second case the superconductor is
cooled below Tc while a magnetic field is applied (field-
cooled). In both cases, the magnetic flux is excluded
from the interior of the superconductor. Screening cur-
rents flowing in the surface layer of the superconductor
generate a flux opposite to that of the applied magnetic
field. The magnetic flux density is therefore zero ev-
erywhere inside the superconductor. On the other hand,
outside the superconducting sphere the magnetic field
is enhanced because of the superposition of the flux

Superconductor Perfect conductor

Ba = 0
T > Tc

Ba
T > Tc

Field-cooledBa = 0
T < Tc

Zero
field-cooled

Ba applied

Ba 0

T < Tc

Ba 0

a) b) c)

Fig. 50.5a–c The magnetic flux is excluded from the in-
terior of a superconductor (a) without field-cooling as well
as (b) with it. In contrast to this behavior, a magnetic flux
would exist in the interior of a field-cooled perfect conduc-
tor (c). (After [50.39, p. 20])
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of the applied magnetic field and that of the screening
currents. In both situations, the superconductor is un-
magnetized when the magnetic field is removed. The
behavior of a zero field-cooled superconductor may be
considered simply as a screening effect caused by per-
fect conductivity. In contrast to screening, the expulsion
of the magnetic flux from a field-cooled superconduc-
tor (the Meissner effect) cannot be explained by perfect
conductivity. The different behavior of a field-cooled
perfect conductor is also shown in Fig. 50.5. The values
of the relative magnetic permeability for nonferromag-
netic metals are close to unity. Thus the magnetic flux
inside the metal is nearly the same as that of the ap-
plied magnetic field. Because dB=dt D 0, no screening
currents are induced, and hence the magnetic flux is not
removed from the interior of the perfect conductor at
low temperatures. Finally, the removing of the magnetic
field (dB=dt ¤ 0) leads to the magnetization of the per-
fect conductor.

The superconducting state can be destroyed by
a sufficiently large applied magnetic field. The tran-
sition from the superconducting to the normal state
occurs at a certain critical magnetic field Bc, which
is a characteristic property of the superconductor con-
sidered. The dependence of the critical field on the
temperature is typically well described by

Bc.T/D Bc0

"

1�
�
T

Tc

�2
#

; (50.3)

where Tc is the critical temperature and Bc0 is the
critical field at zero temperature. The critical field as
a function of temperature is shown in Fig. 50.6 for
selected metallic superconductors. The Bc.T/ curves
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Fig. 50.6 Critical field versus temperature curves for se-
lected metallic superconductors. The Bc0 values vary from
� 10 to � 80mT. (After [50.39, p. 24])

separate the superconducting from the normal state. The
Meissner effect ensures that the properties at any point
in the superconducting state are independent of the or-
der in which the final conditions of the applied magnetic
field and temperature are reached.

50.1.2 Superconductor Electrodynamics

The electrodynamics of superconductors can be de-
scribed by the two London equations. As a consequence
of the infinite conductivity in the superconducting state,
Ohm’s law must be replaced by the first London equa-
tion

dj
dt

D 1

�0�
2
L

E ; (50.4)

where j is the current density, E is the electric field, �0

is the permeability of free space, and �L a constant. The
electric field in the superconductor is zero for constant
current density. The current density and the magnetic
field are related by the second London equation

curl j D � 1

�0�
2
L

B : (50.5)

Using the Maxwell equation curl B D �0j the following
differential equation results for the magnetic field

r2B D 1

�2L
B : (50.6)

For a semi-infinite superconductor with the magnetic
field applied along the z-direction, an exponential decay
of the magnetic field B.x/D B0 exp.�x=�L/ results, as
illustrated in Fig. 50.7. The London penetration depth
�L is therefore the characteristic length for the decay
of the magnetic field in the surface layer of the su-
perconductor. Typical values of the penetration depth
are 10�5�10�6 cm at T D 0. The penetration depth is
closely related to the number density of the Cooper
pairs (Sect. 50.1.3)

�L D
s

mC

�0nCq2C
; (50.7)

where nC, qC, and mC are the number density, the
charge and the mass of the Cooper pairs. Because of the
decreasing Cooper pair density, the penetration depth
increases rapidly for temperatures close to Tc (see the
inset of Fig. 50.7). The temperature dependence is given
by

�L.T/D �L0

"

1�
�
T

Tc

�4
#

�1=2

; (50.8)

where �L0 is the penetration depth at T D 0.
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Fig. 50.7 Exponential decay of an applied magnetic field
in the surface layer of a semi-infinite superconductor. The
normalized penetration depth �L=�L0 versus reduced tem-
perature is shown in the inset

50.1.3 Superconductivity: A Macroscopic
Quantum Phenomenon

Bardeen–Cooper–Schrieffer (BCS) Theory
Next, the microscopic causes of superconductivity in
conventional superconductors are briefly described.
J. Bardeen et al. proposed a microscopic theory of su-
perconductivity [50.4, 5], which is now well known as
the BCS theory. At the moment, it seems to be un-
likely that the mechanism of superconductivity in the
cuprates, which is still not yet understood, can be ex-
plained by the BCS theory. The recently discovered
iron-based superconductors seem to be a second class
of high-temperature superconductors, which show un-
conventional superconductivity [50.16]. In this chapter,
only some fundamental ideas and results of the BCS
theory are presented.

Independent of each other, two researchers [50.40,
41] found theoretically that lattice vibrations (phonons)
can provide an attractive interaction between two elec-
trons. This can be understood as a consequence of the
polarization of the lattice by the electrons. The concen-
tration of positive charges produced by the first electron
reduces the potential energy of the second electron.
Because of this attractive interaction, electrons with
opposite momenta and spins form electron (Cooper)
pairs. The Cooper pairs, characterized by zero spin and
momentum, have to be considered as new particles.
Because their spin is zero, they do not obey Pauli’s
exclusion principle. The probability that a state is occu-
pied increases with the number of particles populating
the same quantum state. Therefore, all Cooper pairs oc-
cupy the same quantum state with a single value of
the momentum in the presence of an applied electric

field. A change of momentum results only for scattering
processes that break up some Cooper pairs. Resistance
occurs as soon as the energy taken from the electric field
exceeds the binding energy of the Cooper pairs. This
behavior explains the existence of a critical current.

The electron–phonon interaction leads to an energy
gap 2� in the density of states for the single electrons.
The width of the energy gap at zero temperature is

2�.0/D 3:5kBTc ; (50.9)

where kB is the Boltzmann constant and Tc is the
critical temperature. For superconducting elements
the measured ratios of 2�.0/=kBTc are typically
3:2�4:6 [50.42], which is in reasonably good agree-
ment with the value of 3.5 predicted by the BCS theory.
The single-electron density of states close to the Fermi
energy is

Ds.E�EF/D Dn.EF/
jE�EFj

p
.E�EF/2 ��2

; (50.10)

where � is the half-width of the energy gap and jE�
EFj>�. The variation of the normal state density of
states Dn.E/ can be neglected because EF � 2�. The
single-electron density of states shown in Fig. 50.8 re-
flects that the energy states present in the normal state
within the energy gap are shifted to the edges. The inset
of Fig. 50.8 shows the temperature dependence of the
energy gap predicted by the BCS theory. The critical
temperature is [50.5]

Tc D 1:14
„!D

kB
exp

�
� 1

Dn.EF/Vp

�
; (50.11)

D(E)

Dn(EF)

2Δ

EF

E
1

0.5

0
0

Δ(T)/Δ(0)

0.5 1
T/Tc

Fig. 50.8 Energy gap and density of states for unpaired
electrons in the superconducting state in the vicinity of the
Fermi energy EF. The temperature dependence of the en-
ergy gap predicted by the BCS theory is shown in the inset
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where the electron–phonon interaction is described by
the constant Vp. The Debye frequency !D is the cut-off
frequency of the phonon spectrum in a solid. Con-
sidering the atoms in a solid as harmonic oscillators
of frequency ! D .ke=M/1=2, where ke is the elas-
tic constant resulting from the binding forces, both
!D and Tc are expected to be proportional to M�1=2

for different isotopes of the same element. In many
metallic superconductors, this isotope effect has been
observed [50.43–46].

All Cooper pairs populate the same quantum state,
resulting in a collective wave function

 D n1=2C exp Œi'.r/� ; (50.12)

where nC D  � ( �: conjugate complex of  ) is
their concentration. Because the phase coherence of
the Cooper pairs is effective at large distances, the
phase '.r/ is a macroscopically observable quantity. As
a consequence, the magnetic flux in a superconducting
hollow cylinder of the cross-sectional area F is quan-
tized

� D
Z

F

BdF D h

2e
N� D �0N� : (50.13)

In the above equation, N� is an integer, e is the electron
charge and �0 D 2:068�10�15 V s is the flux quantum.
The magnetic flux generated by the screening currents
flowing in the surface layer of the superconductor is
typically small, and has therefore been neglected.

Tunneling Effects
First, single-electron tunneling in a normal–insulator–
superconductor (N-I-S) junction will be considered.
The two conductors are separated by an insulating oxide
layer typically less than 2 nm thick. Tunneling can take
place only when empty target energy states are avail-
able, otherwise the process is forbidden by the Pauli
principle (Fig. 50.9). For a voltage of U D�=e .�e>
0/, the empty energy states of the superconductor above
the energy gap reach the same level as the Fermi en-
ergy of the normal conductor, and strong tunneling sets
in. On the other hand, for a voltage U D ��=e, pair
breaking becomes possible. One of the electrons tun-
nels into the normal conductor and gains an energy �
available for the excitation of the second electron to an
empty state above the energy gap. The resulting N-I-S
current–voltage characteristic and the Bose condensa-
tion representation of the tunneling process are shown
in Fig. 50.9.

In the case of two identical superconductors (S-I-
S junction), strong single-electron tunneling sets in at
an applied voltage jUj 
 j2�=ej. This voltage is high

Voltage

U = Δ/e U = 0 U = –Δ/e

EF

|Δ/e|

INIS U 2–(Δ/e)2 1/2

– +

2Δ

C
oo

pe
r 

pa
ir

s

e
e

Current

+ –

~

a)

b)

Fig. 50.9a,b Bose condensation representation of N-I-S
tunneling (a) and the corresponding current voltage char-
acteristic at T D 0 (b)

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 becomes possible. Figure 50.10
shows the semiconductor representation of the tun-
neling process and the resulting S-I-S current–voltage
characteristic. The weak tunneling currents for jUj<
j2�=ej are a consequence of a few quasi-particles be-
ing thermally excited above the energy gap for T > 0
(Fig. 50.10).

So far, only single-electron tunneling has been con-
sidered. In 1962, B. D. Josephson predicted that Cooper
pair tunneling through a very thin insulating layer is
possible [50.10]. Even for zero voltage across the in-
sulating layer of an S-I-S junction, Cooper pairs can
tunnel through the barrier. This process has to be
considered as the tunneling of the wave function col-
lectively describing the Cooper pairs. The DC current
through the contact is

I D Ic sin ı ; (50.14)

where Ic is the critical current of the Josephson junc-
tion. The Josephson DC current through the contact is
between�Ic and Ic, depending on the phase difference ı
of the two Cooper pair wave functions. This phase dif-
ference is time independent for zero voltage across the
insulating layer. Applying a DC voltage U across the
insulating layer of the Josephson contact causes a time-
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T = 0

T > 0

– + + – + –

T > 0
a)

b)

Fig. 50.10a,b S-I-S tunneling. The semiconductor repre-
sentation of the process (a) shows that strong tunneling
sets in for U D j2�=ej. A few electrons (quasi particles)
are thermally excited into states above the gap at T >
0. The corresponding current–voltage characteristic (b)
shows that these electrons are responsible for the weak tun-
neling current at low voltages. (After [50.39, p. 42])

dependent phase difference between the two Cooper
pair wave functions. As a consequence, there flows an
AC current

IAC D Ic sin Œ2 �JtC ı.0/� ; (50.15)

where

�J D 2 jejU
h

D U

�0
: (50.16)

The AC Josephson current IAC oscillates with a fre-
quency of 483:6MHz=�V. The tunneling of the Cooper
pair through the barrier is connected to the emission or
absorption of a photon with energy E D h�J. The AC
Josephson current flows in addition to the current re-
sulting from single-electron tunneling. A more detailed
description of the AC Josephson effect can be found
in [50.42].

Finally, macroscopic quantum interference effects
in Josephson junctions will be briefly considered. These
interference effects are closely connected to the phase
shifts of the Cooper pair wave functions caused by
a magnetic field applied transversely to the current di-
rection. The appliedmagnetic field gives rise to a spatial
variation of the phase difference of the two Cooper

1.2

0.8

0.4

0
–6 6–4 –2 0 2 4

Imax/Ic

Φ/Φ0

Fig. 50.11 Josephson–Fraunhofer diffraction pattern for
the normalized maximum Josephson DC current Imax=Ic.
Minima of the current occur for ˚=˚0 values of 1, 2, 3 etc.
(After [50.39, p. 49])

wave functions within the contact area. The resulting
Josephson DC current for a rectangular barrier is

I D Ic sin ı0
sin �=�0
 �=�0

; (50.17)

where Ic is the critical current of the Josephson junction,
� is the total flux enclosed by the barrier, and �0 the flux
quantum. The phase shift ı0 is unknown. The maximum
Josephson DC current

Imax D Ic

ˇ
ˇ̌
ˇ
sin �=�0
 �=�0

ˇ
ˇ̌
ˇ (50.18)

is reached for sin ı0 D 1, corresponding to a phase dif-
ference of  =2. In Fig. 50.11, the resulting interference
pattern for the Josephson DC current is shown. The
Josephson–Fraunhofer interference of the two Cooper
pair wave functions indicates that superconductivity is
a macroscopic quantum phenomenon (for more details
see [50.39]).

50.1.4 Type II Superconductors

A quantitative description of the behavior of type II
superconductors is provided by the Ginzburg–Landau
theory (see for example [50.42]). In the London the-
ory, the Cooper pair density is assumed to be constant.
The only characteristic length scale is the penetration
depth �L describing the decay of a magnetic field inside
a superconductor. Taking into consideration, a variation
of the Cooper pair density leads to a second character-
istic length scale, namely the coherence length � , the
shortest distance within which a considerable change
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Table 50.2 Coherence length � and Ginzburg–Landau pa-
rameter � for selected superconductors at T D 0. (Af-
ter [50.39, p. 70])

Material Tc (K) �

(nm)
� D
�L=�

Reference

Al 1.18 550 0.03 [50.42]
In 3.41 360 0.11 [50.42]
Cd 0.52 760 0.14 [50.42]
Sn 3.72 180 0.23 [50.42]
Ta 4.5 93 0.38 [50.47]
Pb 7.2 82 0.48 [50.42]
Nb 9.25 39 1.28 [50.42]
NbTi 9.5 4 75 [50.48]
Nb3Sn 18 3 21.7 [50.48]
Nb3Ge 23.2 3 30 [50.48]
Rb3C60 29.6 2 123.5 [50.49]
YBa2Cu3O7�ı 93 2 95 [50.42]

of the Cooper pair density can occur. At the inter-
face of a normal and a superconductor, the Cooper
pair density increases continuously from zero to the
value nC deep inside the superconductor. The ratio of
the coherence length and the penetration depth is the
Ginzburg–Landau parameter �

� D �L

�
: (50.19)

Depending on whether the parameter � is smaller or
larger than 1=

p
2, the superconductor in question is of

type I or II, respectively. Values of the coherence length
and the Ginzburg–Landau parameter of selected metal-
lic superconductors are listed in Table 50.2. The cuprate
high-Tc superconductors are extreme type II supercon-
ductors with � values of � 100.

In Fig. 50.12, the phase diagrams of both types
of superconductors are compared. In type I supercon-
ductors, there exist two different phases, namely the

B

0

B

0
TcTc T0

Type I Type II

Superconducting Superconducting

Normal
Mixed

Bc2

Bc
Bc

Bc1

Normal

0 T

a) b)

Fig. 50.12a,b Comparison of the phase diagrams for type I (a) and II superconductors (b). (After [50.39, p. 74])

Ba

Φ

Fig. 50.13 Type II superconductor in the mixed state. Each
vortex contains just a single fluxoid ˚0 D h=2jej. (Af-
ter [50.39, p. 74])

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 is in the supercon-
ducting phase characterized by perfect diamagnetism,
where it behaves like a type I superconductor. Above
the upper critical field Bc2.T/, the material is in the
normal state. In the mixed state between the lower
and upper critical fields superconducting and normal
regions can coexist in a type II superconductor. The
mixed state shown in Fig. 50.13 is characterized by an
array of normal cores within the superconductor, which
allows magnetic flux to enter into the superconductor.
The supercurrents encircling the normal cores (vortices)
cause a repulsive vortex–vortex interaction.

In the mixed state of a type II superconductor, the
transport currents can flow throughout the conductor.
In the presence of a magnetic field perpendicular to
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the current direction, a Lorentz force FL D j�0 acts
on the vortices, which leads to a motion of the vor-
tices perpendicular to the current and the field direction.
The variation of the magnetic flux leads to a flux
flow resistance, and hence the critical current would be

zero. However, in a real type II superconductor defects
are always present, which act as pinning centers. As
long as the Lorentz force is smaller than the pinning
force, flux motion is suppressed, resulting in zero resis-
tance.

50.2 Cuprate High-Tc Superconductors: An Overview

50.2.1 Major Families of Cuprate
Superconductors

At present, around 100 cuprate superconductors are
known. The major families of cuprate superconduc-
tors are listed in Table 50.3. Common features of
the cuprate superconductors are layered crystal struc-
tures. In the cuprates, conducting copper oxide blocks
and insulating charge-carrier reservoirs alternate with
each other along the crystallographic c direction. As
a consequence of the layered structures, the physi-
cal properties of the cuprates are highly anisotropic.
The electrical resistivity along the crystallographic a-
and b-directions within the conductive CuO2 planes
is much lower than along the c-direction, where the
current has to cross the insulating charge-carrier reser-
voirs. Figure 50.14 shows as an example the layering
scheme of Tl-22.n� 1/n superconductors. The three
thallium-based compounds are distinguished by the
different number n of CuO2 planes in the copper ox-
ide blocks. In the compounds with n 
 2, adjacent
CuO2 planes are separated by Ca layers. In the Bi-
22.n� 1/n counterparts, Tl and Ba are replaced by Bi
and Sr, respectively. In both families of cuprate su-
perconductors the copper oxide blocks are embedded
between TlO or BiO double layers. An analogous lay-
ering scheme results for the Tl-12.n� 1/n compounds.
However, the copper oxide blocks of these compounds
are separated only by single TlO layers. The highest
critical temperature is typically reached in the com-

Table 50.3 Major families of superconducting cuprates.
(After [50.39, p. 79])

Family Symbol Maximum
Tc (K)

.La1�xMx/2CuO4
a La-214 39

YBa2Cu3O7
b Y-123 92

YBa2Cu4O8 Y-124 80
Bi2Sr2Can�1CunO2nC4 Bi-22.n� 1/n 122
Tl2Ba2Can�1CunO2nC4 Tl-22.n� 1/n 128
TlM2Can�1CunO2nC3

a Tl-12.n� 1/n 122
HgBa2Can�1CunO2nC2 Hg-12.n� 1/n 135

a M D Sr or Ba, b Y can be replaced by rare-earth elements

pounds with three CuO2 layers (n D 3) in the copper
oxide blocks.

The physical properties of the cuprate superconduc-
tors depend strongly on their chemical composition and
the resulting carrier concentration. As in semiconduc-
tors, the carrier concentration in the cuprates can be
changed by doping. For example, let us consider the
superconductor La2�xSrxCuO4. The possible oxidation
states of copper are C1, C2, and C3. In the insulating
parent compound La2CuO4, the oxidation state of cop-
per is C2. The valence of La is C3 and that of Sr C2.
Substitution of Sr2C for La3C leads to the formation of
Cu3C or O� defects (holes), which are expected to be
mobile. Thus, an increasing number of holes is created
in the CuO2 planes with increasing Sr concentration x.

The cuprates are complex nonstoichiometric oxides.
Heat treatments in reducing or oxidizing atmosphere
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Fig. 50.14 Layering scheme of Tl2Ba2Can�1CunO2nC4

superconductors. (After [50.39, p. 81])
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therefore lead to considerable changes in the oxygen
content. Incorporation of excess oxygen is a further way
to enhance the hole concentration in the CuO2 planes of
the cuprates.

Finally, it should be noted that, in addition to the
major families of cuprate superconductors listed in Ta-
ble 50.3, there exist a large number of high-temperature
superconductors which can be synthesized only under
high pressure (see for example [50.39]).

50.2.2 Generic Phase Diagram of Cuprate
Superconductors

It is beyond the scope of this chapter to discuss all the
new physical phenomena related to cuprate supercon-
ductors. To give an impression of the complexity of
these materials, the generic phase diagram is briefly

s-wave symmetry

VΔ

D(E)

D(EF)

d-wave symmetry

VΔm

D(E)

D(EF)

Δk cos akx – cos bkyΔk = constant

a) b)

ky

kx

2Δ

ky

kx

2Δk+

–

+
–

Fig. 50.16a,b The two different symmetries of the energy gap and the corresponding density of states. For s-wave
symmetry (a), the width of the energy gap is independent of the wave vector k. In the case of the d-wave symmetry (b),
the energy gap depends on the wave vector. At four positions on the Fermi surface, the energy gap is zero. (After [50.50])

Fig. 50.15 Generic phase diagram for cuprate supercon-
ductors indicating that these materials are close to a metal–
insulator transition. The physical properties of the cuprates
vary considerably with increasing hole concentration J

described. The one shown in Fig. 50.15 indicates that
the cuprate superconductors are close to a metal–
insulator transition. Their parent compounds are anti-
ferromagnetic Mott insulators, of which La2CuO4 and
YBa2Cu3O6 are examples. The Néel temperature TN,
at which magnetic ordering sets in, reaches values of
250�400K in the parent compounds. The Néel tem-
perature decreases rapidly with increasing hole concen-
tration. A transition from an insulating to a supercon-
ducting phase is observed for further enhanced doping
levels. The critical temperature increases with increas-
ing number of holes and reaches a maximum at � 0:18
holes per CuO2 unit before decreasing again. At doping
levels well above 0.3 holes/CuO2, the material behaves
as a nonsuperconducting metal.

In the last few years it could be clarified that the
energy gap in cuprate superconductors is of d-wave
symmetry, whereas it is of s-wave symmetry in conven-
tional superconductors. The two different symmetries
are illustrated in Fig. 50.16. For s-wave symmetry, the
superconducting energy gap is constant irrespective of
the direction of the wave vector k. In the case of d-wave
symmetry, there exist positions on the Fermi surface for
which the energy gap is zero. At these positions, the
sign of the order parameter changes from C to � or
vice versa. As a consequence, a finite tunnel conductiv-
ity ŒdI=dV / D.E/� is observed within the energy gap
(Fig. 50.16).

Next, let us consider the temperature dependence of
the energy gap. The tunneling conductance of under-
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Tunneling conductance

Voltage

Tc = 83.0 K
4.2 K

63.3 K

80.9 K

109 K

175 K

293.2 K

Fig. 50.17 Schematic illustration of the tunneling conduc-
tance of under-doped Bi-2212 providing the density of
states in the vicinity of the energy gap. For clarity the spec-
tra are offset vertically. A gap-like feature (pseudogap) can
be observed even at a temperature as high as 175K, well
above Tc. (After [50.51])

doped Bi-2212 as shown in Fig. 50.17 indicates that
the energy gap of cuprate superconductors is indepen-
dent of temperature. This behavior is in contrast to the
predictions of the BCS theory. In under-doped cuprate
superconductors, the energy gap has been found to in-
crease for decreasing number of charge carriers in spite
of a reduced critical temperature. On the other hand,
both the energy gap and the critical temperature of
over-doped cuprates decrease with increasing carrier
concentration. An outstanding feature of cuprate super-
conductors is the existence of an energy gap even at
temperatures well above Tc. This pseudogap is found
in the region of the phase diagram where a transition
from an antiferromagnetic insulator to a superconduc-
tor occurs.

A potential explanation for the existence of the
pseudogap is the formation of Cooper pairs at tem-
peratures well above Tc. However, because of the low
Cooper pair density, they are not macroscopically cor-
related. As a consequence, the material is not able to
carry a supercurrent above Tc.

The Nernst effect is a thermo-magnetic phe-
nomenon, in which a transverse voltage originates from
a transverse magnetic field and a thermal gradient along
the sample. In the presence of vortices, the Nernst ef-
fect is strongly enhanced. Measurements of the Nernst
effect [50.52, 53] provided evidence for pairing well
above the critical temperature in under-doped cuprate
superconductors. However, the maximum temperature

b

c

Y

a

Ba

Cu

O

Fig. 50.18 Orthorhombic unit cell of YBa2Cu3O7�ı .
A special feature of this cuprate are CuO chains in the b-
direction. (After [50.39, p. 100])

for the existence of vortices seems to be well below the
temperature at which the pseudogap vanishes.

Newer results seem to favor the hypothesis that the
pseudogap phenomenon competes with the gaps asso-
ciated with superconductivity. A combined scanning
tunneling microscopy and angle-resolved photoemis-
sion study of Bi2Sr2�xLaxCu6Cı showed two distinct
energy gaps. In the nodal direction, a small gap was
found, which vanished at the critical temperature, while
in the anti-nodal direction a large one was observed to
exist well above the critical temperature. The two gaps
seem to coexist in the antinodal direction [50.54]. In
the nodal direction the energy gap of a d-wave super-
conductor vanishes.

New theories have predicted competing orders in
the pseudogap regime of under-doped cuprate super-
conductors. As an example, let us consider charge
stripes. Spin and charge are separated, resulting in anti-
ferromagnetic domains and charge stripes located at the
antiphase boundaries [50.55]. Experimental evidence
for this scenario has been found from neutron scatter-
ing [50.56].

50.2.3 Crystal Structures

Next, let us consider the crystal structures of the
cuprates in more detail. For YBa2Cu3O7�ı (Y-123)



High-Temperature Superconductors 50.2 Cuprate High-Tc Superconductors: An Overview 1237
Part

E
|50.2

b

c
Tl

a

Ba

Cu

Ca

O

Fig. 50.19 Primitive tetragonal unit cell of
TlBa2Ca2Cu3O9. (After [50.39, p. 108])

Table 50.4 Lattice parameters of selected cuprate superconductors. (After [50.39, p. 118])

Compound Symmetry a (nm)
b (nm)

c (nm)

La1:85Sr0:15CuO4 Tetragonal 0.3779 1.3200
YBa2Cu3O6:9 Orthorhombic 0.3822

0.3891
1.1677

Bi2:2Sr2Ca0:8Cu2O8Cı
a Orthorhombic 0.5414

0.5418
3.089

.Bi; Pb/2Sr1:72Ca2Cu3O10Cı
a Orthorhombic 0.5392

0.5395
3.6985

Tl1:7Ba2Ca1:06Cu2:32O8Cı Tetragonal 0.3857 2.939
Tl1:64Ba2Ca1:87Cu3:11O10Cı Tetragonal 0.3822 3.626
Tl2Ba2Ca3Cu4O12�ı Tetragonal 0.3850 4.1984
Tl1:1Ba2Ca0:9Cu2:1O7:1 Tetragonal 0.3851 1.2728
Tl1:1Ba2Ca1:8Cu3:0O9:7 Tetragonal 0.3843 1.5871
TlBa2Ca3Cu4O11 Tetragonal 0.3848 1.9001
HgBa2CuO4Cı Tetragonal 0.380 0.9509
HgBa2CaCu2O6Cı Tetragonal 0.3859 1.2657
HgBa2Ca2Cu3O8Cı Tetragonal 0.3853 1.5818
HgBa2Ca3Cu4O10Cı Tetragonal 0.3854 1.9006

a Using a pseudo-tetragonal unit cell a lattice parameter a .tetragonal/Š .aC b/=2
p
2 � 0:38 nm would result

an orthorhombic structure with lattice parameters
a D 0:38 nm, b D 0:39 nm and c D 1:17 nm has been
deduced from x-ray powder diffraction data [50.57, 58].
Figure 50.18 shows the orthorhombic unit cell of Y-
123. The unit cell of YBa2Cu3O7�ı contains double
CuO2 layers with embedded yttrium ions (Fig. 50.18).
Slightly different z positions of the Cu and O atoms lead
to buckling in the CuO2 planes. The oxygen atoms oc-
cupy perovskite-like anion positions halfway between
the copper atoms. These square-coordinated CuO2 lay-
ers are a characteristic feature of all cuprate super-
conductors. Because metallic conductivity has been
found in these layers, they are also called conduction
planes. Along the crystallographic c-axis perpendicular
to these planes, insulating or semiconducting behavior
is frequently observed. Neighboring CuO2 blocks are
separated by two BaO layers. The CuO chains between
the two BaO layers in the b-direction are a special fea-
ture of the Y-123 compound.

The crystal structures of Tl-12.n� 1/n and the
analogous Hg-12.n� 1/n superconductors are primi-
tive tetragonal. Because of the common CuO2 planes,
the a and b lattice parameters of cuprate superconduc-
tors are generally close to 0:39 nm. In both cuprate
superconductor families, the c lattice parameter is given
approximately by c Š .0:63C 0:32n/ nm. As an exam-
ple of these crystal structures the primitive tetragonal
unit cell of TlBa2Ca2Cu3O9 is shown in Fig. 50.19.
The copper oxide blocks of the Tl-1223 compound
are formed of three CuO2 layers. The CuO2 lay-
ers within the copper oxide blocks are separated by
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Fig. 50.20 Critical temperature of HgBa2CuO4Cı versus
hole concentration. The maximum critical temperature is
reached for a hole concentration of 0.18 holes/CuO2. (Af-
ter [50.39, p. 123], results from [50.59])

Table 50.5 Critical temperatures of optimally doped
cuprate superconductors

Compound n Tc (K) Reference
Y-123 2 92 [50.21]
Bi-2212 2 96 [50.60]
Bi-2223 3 122 [50.61]
Tl-2201 1 92 [50.62]
Tl-2212 2 118 [50.62]
Tl-2223 3 128 [50.63]
Tl-2234 4 119 [50.61]
Tl-1212 2 90 [50.61]
Tl-1223 3 122 [50.61]
Tl-1234 4 122 [50.61]
Tl-1245 5 110 [50.61]
Hg-1223 3 135 [50.14]

Ca ions. In contrast to the Tl-22.n� 1/n compounds
(Fig. 50.14) adjacent CuO2 blocks are separated by
only a single TlO layer. Like the TlO double layers
of the 22.n� 1/n compounds, the single TlO layers
of the 12.n� 1/n compounds are embedded between
two BaO layers. The reduced distance of neighboring
copper oxide blocks leads to an enhanced coupling of
the conduction planes. This improved coupling is re-
flected in less anisotropic superconducting properties
(Sect. 50.3). Defects in the BaO/TlO/BaO layers form-
ing the charge-carrier reservoirs provide holes for the
doping of the CuO2 planes. In the Tl-12.n� 1/n com-
pounds, the BaO layers can be replaced by SrO layers.
The substitution of Tl by Hg leads to the structurally
analogous Hg-12.n� 1/n counterparts. The lattice pa-
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Fig. 50.21 Critical temperature of Hg-12.n� 1/n super-
conductors versus the number n of CuO2 planes in the
perovskite (copper oxide) blocks. (After [50.64])

rameters of selected cuprate superconductors are listed
in Table 50.4.

50.2.4 Critical Temperatures

Next, some of the factors determining the critical tem-
perature of cuprate superconductors will be discussed.
As shown in the generic phase diagram for cuprate su-
perconductors (Fig. 50.15), the critical temperatures of
these materials are closely connected to the hole con-
centration p in the CuO2 planes, which is determined
by the formal valence 2C p of the copper atoms in the
conduction planes. Generally, an inverse parabolic de-
pendence of the critical temperature on the number of
holes per CuO2 has been found. The maximum Tc is
typically reached for a hole concentration p of 0:15�0:2
holes per CuO2. For hole concentrations above 0.2
holes per CuO2 the critical temperature decreases with
increasing carrier concentration, leading to a nonsuper-
conducting metal for p> 0:3 holes per CuO2. As an
example of this behavior, the critical temperature of
HgBa2CuO4Cı as function of the hole concentration is
shown in Fig. 50.20.

In addition to the carrier concentration, the number
of CuO2 planes in the perovskite blocks is of impor-
tance for the critical temperature. The maximum critical
temperatures of selected cuprate superconductors listed
in Table 50.5 clearly indicate that the critical tempera-
ture increases with increasing number n of CuO2 planes
in the copper oxide blocks, at least up to the com-
pound with n D 3. For compounds with four or more
CuO2 planes in the perovskite blocks, the critical tem-
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perature decreases with increasing n. In Fig. 50.21,
this behavior is illustrated for the Hg-12.n� 1/n com-
pounds. A possible explanation for the observed be-
havior is the fact that in cuprates with n 
 3, the hole
concentrations in the central and outer CuO2 layers
may be considerably different. It may therefore be im-
possible to reach simultaneously the optimum carrier
concentration in all the CuO2 layers for compounds
with n 
 4.

Finally, it should be mentioned that the critical tem-
perature of cuprate superconductors has been found to

be connected with the lattice parameters. Consequently,
the critical temperature depends on applied pressure.
Application of a hydrostatic pressure typically enhances
the critical temperature of cuprate superconductors. In
Hg-1223, superconductivity was observed at tempera-
tures as high as 164K at a pressure of 31GPa [50.65].
A more complex situation results for the application
of uniaxial pressure. In the case of pressure along the
crystallographic a- or b-axis the critical temperature is
enhanced, whereas for uniaxial pressure along the c-
direction Tc is reduced [50.66, 67].

50.3 Physical Properties of Cuprate Superconductors

50.3.1 Anisotropic Superconductors

As a consequence of the layered crystal structures of the
cuprates, the penetration depth depends on the direction
of the screening currents. Assuming that the screening
currents in the a- and b-directions are equal, two dif-
ferent penetration depths �ab and �c result. The indices
give the direction of the screening currents. Thus, two
different Ginzburg–Landau parameters �ab.Bjjab/ and
�c.Bjjc/ can be defined

�ab D
�
�ab�c

�ab�c

�1=2

;

�c D �ab

�ab
; (50.20)

where �ab and �c are the coherence lengths in the
ab-plane and along the c-direction, respectively. The di-
mensionless anisotropy parameter is given by [50.68]

�a D
�
mc

mab

�1=2

D �c

�ab
D �ab

�c
D Bc2;ab

Bc2;c
D Bc1;c

Bc1;ab
;

(50.21)

where mab and mc are the effective masses of the charge
carriers for in-plane and out-of-plane currents, respec-
tively. The expressions for the upper critical fields
are [50.48, 68]

Bc2;c D �0

2 �2ab
;

Bc2;ab D �0

2 �c�ab
: (50.22)

The upper and lower critical fields of various cuprate
superconductors are listed in Table 50.6. The lower crit-
ical fields are typically between 10 and 500mT for

magnetic fields applied along the c-direction. The up-
per critical fields of cuprate superconductors can exceed
100T even for the unfavorable field direction Bjjc. The
data for Tl-2201, Hg-1201, and Hg, Cu-1201 given in
Table 50.6 clearly indicate that the critical fields, like
the critical temperatures, depend on the actual doping
level.

For the characteristic length scales in cuprate super-
conductors, the following relation has been found

�c < �ab � �ab < �c : (50.23)

Table 50.7 lists for various cuprate superconductors the
penetration depths and the coherence lengths. The in-
plane coherence length �ab is typically 1�4 nm. The
considerably smaller values found for the out-of-plane
coherence length �c are comparable to interatomic dis-
tances. The small values of �c are responsible for
the insulating character of the charge-carrier reser-
voirs (Fig. 50.14) separating adjacent CuO2 blocks. The
cuprates are therefore nearly two-dimensional super-
conductors with intrinsic Josephson junctions along the
c-direction. Moreover, the cuprates are extreme type II
superconductors with �c values around 100.

50.3.2 Irreversibility Line

The magnetic phase diagram of cuprate superconduc-
tors is much more complicated than that of metallic
superconductors. It is beyond the scope of this chapter
to describe the details of the magnetic phase diagram of
cuprate superconductors. A simplified magnetic phase
diagram is shown in Fig. 50.22. An outstanding feature
of high-temperature superconductors is the existence of
an irreversibility line well below the upper critical field.
Above this line, the vortices are movable, and hence the
critical current density is zero. The irreversibility line
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Table 50.6 Lower and upper critical fields of various cuprate superconductors

Compound Bc1;c (mT) Bc2;c (T)a Comments Reference
La, Sr-214 53 [50.69]
La-214 36/50 Ba/Sr doped [50.70]
Y-123 122 Bc2;ab D 674 T [50.71]
Y-123 500 29 Bc2;ab D 140 T [50.72]
Y-123 150 Bc1;ab D 24mT [50.73]
Y-123 85 Bc1;ab D 25mT [50.74]
Bi-2201 20.2 [50.75]
Bi-2212 107 [50.76]
Bi-2212 31 Bc2;ab D 476 T [50.77]
Bi-2212 71.5 Bc2;ab D 542 T [50.78]
Bi, Pb-2212 83/95 [50.79]
Bi-2223 39 Bc2;ab D 1210 T [50.80]
Bi, Pb-2223 184 [50.81]
Bi, Pb-2223 13.5 [50.82]
Tl-2201 0:85=1:9 Tc D 9:7=15:7 K [50.83]
Tl-2212 99 [50.76]
Tl-2212 30 Bc1;ab D 0:8mT [50.73]
Tl-2223 75 [50.76]
Tl-1223 37 75 [50.84]
Hg-1201 100 [50.85]
Hg-1201 12:4=8:1 Tc D 82=87K [50.86]
Hg, Cu-1201 67=160 Tc D 85=96K [50.87]
Hg-1223 190 [50.42]

a Including the upper critical field data of polycrystalline samples

Table 50.7 Characteristic lengths for selected cuprate su-
perconductors. (Data from [50.39, 42, 85, 87, 88])

Compound �ab (nm) �ab (nm) �c (nm)
La, Sr-214 250�410 2.1
Y-123 130�240 1:3�1:6 0:2�0:3
Bi-2201 438 4.0
Bi-2212 2:7�3:8 0:16�0:18
Bi-2223 2.9 0.093
Bi, Pb-2212 178 2.0
Bi, Pb-2223 88�245 1:35�2:9
Tl-2201 5.2 0.3
Tl-2212 2:0�3:1 0:03�0:68
Tl-2223 117�163 1:1�1:36
Tl-2234 4.5 1
Tl-1223 137 2.1
Hg-1201 117�216a 1:7�3:4a

Hg, Cu-1201 162�283a 1:43�2:2a

Hg-1223 130�150 1.3

a Different doping levels

can be described by the expression

Birr D B0

�
1� Tirr

Tc

�˛

; (50.24)

where Birr is the irreversibility field, Tirr is the irre-
versibility temperature, B0 is a fitting parameter, and

B

0
Tc0 T

Meissner

Normal

Bc2

Birr

Bc1

jc > 0

jc = 0

HTSC

Fig. 50.22 Simplified magnetic phase diagram of cuprate
superconductors. Above the irreversibility line, the vortices
are movable, and hence the critical current density is zero.
(After [50.39, p. 138])

the exponent ˛ is characteristic of the superconductor in
question. In the case of Y-123, the exponent ˛ is close
to 1.5 for magnetic fields perpendicular to the crystallo-
graphic c-direction, while values around 1.3 have been
found for Bjjc [50.73].

The existence of the irreversibility line is reflected
in the broadening of the resistive transition in the pres-
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ence of an applied magnetic field. Figure 50.23 shows
the resistive transition of a Bi-2212 single crystal for
magnetic fields of 2, 5, and 12T parallel to the c-
direction. The data for zero applied field are also shown
in Fig. 50.23. The end point of the resistive transition
corresponds to the irreversibility temperature for the
magnetic field applied. On the other hand, the onset of
the resistivity drop may be used to determine the upper
critical field.

The existence of an irreversibility line can be ex-
plained in two different ways. In the more conventional
picture, the occurrence of resistance above the irre-
versibility line is caused by thermally activated depin-
ning. Within this picture, it can be easily understood
that the irreversibility line of cuprate superconductors
is shifted to higher fields and temperatures by heavy-
ion irradiation [50.90–92]. The irradiation generates
amorphous tracks, which are efficient pinning centers.
An alternative scenario is the melting of the flux-line
lattice. Evidence for this possibility is the latent heat
measured at the phase transition [50.93, 94].

The maximum operating field of cuprate supercon-
ductors is limited by the irreversibility line for the
unfavorable field direction Bjjc. In any comparison of
the behavior of different cuprates the irreversibility
field as a function of the reduced temperature T=Tc
should be considered. The highest irreversibility fields
result for Y-123, while the lowest values of Birr have
been found for Bi- and Tl-22.n� 1/n compounds. In-
termediate irreversibility fields result for Tl- and Hg-
12.n� 1/n compounds [50.39, 95]. The observed order
in the irreversibility fields indicates that flux pinning is
more efficient in cuprates with less anisotropic phys-
ical properties. The largest anisotropy of the physical
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B || c

Tirr

12T
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B = 0

ρ

Fig. 50.23 Resistivity versus temperature curves of a Bi-
2212 single crystal for magnetic fields parallel to the c-
direction. (After [50.39, p. 139], results from [50.89])

properties has been observed in Bi- and Tl-22.n� 1/n
compounds with the largest distance of adjacent CuO2

blocks. The relatively small anisotropy of Y-123 seems
to be the consequence of the short-circuiting of the in-
sulating charge-carrier reservoirs by the CuO chains
(Fig. 50.18).

50.3.3 Limitations of the Transport Critical
Current

The electric field generated in a superconductor at the
transition to the normal conducting state is typically
well described by a power law E D Ec.I=Ic/n, where I
is the current, n is the index of resistive transition, and
Ec the electric field used to define the critical current
Ic. Typically Ec values of 0.1 or 1�V=cm are used to
determine the critical current.

It should be recognized that, unlike the critical
temperature and the upper critical field, the critical cur-
rent density is not an intrinsic material property. The
achievable jc values are determined mainly by the mi-
crostructure of the superconductor in question. Grain
boundaries can act as weak links, leading to small
critical current densities in polycrystalline cuprate su-
perconductors. In the absence of grain-boundary weak
links, the transport jc is mainly determined by flux pin-
ning. Before these effects are discussed, the anisotropy
of jc in individual grains and epitaxial thin films is con-
sidered.

Anisotropy of the Critical Current Density
In cuprate superconductors, conductive copper oxide
blocks and insulating charge-carrier reservoirs alternate
along the crystallographic c-direction. The currents can
easily flow in the conductive CuO2 planes, whereas cur-
rents along the c-direction have to cross the insulating
or semiconducting charge-carrier reservoirs (tunnel-
ing). In spite of jc values as high as 108 A=cm2 in the
CuO2 planes of Hg-1212 films, the estimated jc along
the c-direction is as low as 5000A=cm2 [50.96].

A further anisotropy of the critical current density
is related to the direction of the applied magnetic field.
Figure 50.24 shows the critical current density of an
epitaxial Bi -2212 film as a function of the applied mag-
netic field for selected temperatures. The critical current
density declines rapidly with increasing applied field
for Bjjc, while the field dependence of jc is much less
pronounced for Bjjab. This behavior reflects the con-
siderably different upper critical fields for these two
field directions. The angle dependence of jc in epitax-
ial Bi-2212 and Bi-2223 films can be described by the
expression

jc .B; 	/D jc;c .B sin 	/ ; (50.25)
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Fig. 50.24 Critical current densities in epitaxial Bi-2212
films as a function of applied magnetic field for B along the
ab-planes and parallel to the crystallographic c-direction.
(After [50.97])

where 	 is the angle between the ab-planes and the field
direction, and jc;c is the critical current density for Bjjc.
The above expression states that the reduction of the
critical current by an applied magnetic field is deter-
mined exclusively by the field component parallel to the
c-direction.

Grain-Boundary Weak Links
Soon after the discovery of superconductivity above
77K in Y-123, it was noticed that the transport jc in
sintered samples is typically well below 1000A=cm2.
In addition, magnetic fields of a few mT are sufficient
to reduce the jc by an order of magnitude. On the other
hand, critical current densities well above 106 A=cm2

could be achieved in epitaxial Y-123 films. These exper-
imental results suggest that the grain boundaries present
in polycrystalline material can act as barriers for the
transport current. Due to extremely short coherence
lengths, �c < 1 nm, the Cooper pair density can be con-
siderably reduced within the width of a grain boundary.
Two grains separated by a grain boundary can therefore
be considered as a Josephson junction.

The high jc values achieved in highly textured films
suggest that low-angle grain boundaries are strongly
coupled. To clarify this aspect, the transport properties
of artificial grain boundaries have been studied [50.98,
99]. In epitaxial growth the crystallography prescribed
by the substrate can be transmitted to the Y-123 film.
Using SrTiO3 bicrystals, two Y-123 grains connected
by an artificial grain boundary with a well-defined mis-
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Fig. 50.25a,b Space-charge effects and band bending at
a semiconductor–metal interface (a) and at a grain bound-
ary in a cuprate superconductor (b). (After [50.102])

orientation angle 	 can be prepared. The critical current
density across the grain boundaries has been found to
decrease rapidly with increasing misalignment angle.
For [001]-tilt boundaries (rotation of the second grain
around the common c-axis) in Y-123 films, the grain
boundary jc depends exponentially on the misalignment
angle 	

jc D jc0 exp
�

� 	

	0

�
; (50.26)

where 	0 Š 6:3ı and jc0 Š 2�107 A=cm2 at
4:2K [50.100]. The corresponding values for Bi-2223
[001]-tilt grain boundaries are jc0 D 6�106 A=cm2 and
	0 D 5ı at 26K [50.101].

The weak-link behavior is closely related to the
strong reduction of the Cooper pair density in the grain
boundaries caused by the extremely short coherence
lengths and the low carrier concentrations in cuprate
superconductors. The carrier concentration in optimally
doped cuprate superconductors is around 5�1021 cm�3,
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Fig. 50.26 Critical temperature (triangles) and current
density (circles) of a symmetric 24ı [001]-tilt boundary
as a function of the hole concentration. The charge-carrier
concentration in the bicrystalline Y0:7Ca0:3Ba2Cu3O7�ı

films has been modified by annealing at different oxygen
pressures. (After [50.100])

whereas the carrier concentration in copper is as high
as 85�1021 cm�3. Furthermore, the behavior of grain
boundaries in cuprate superconductors is similar to that
of semiconductor–metal interfaces [50.102, 103]. In the
case of a p-type semiconductor in contact with a metal
characterized by a smaller work function, electrons flow
from the metal into the semiconductor. As a conse-
quence, both the valence and the conduction band are
bent downward (Fig. 50.25a). There an excess of nega-
tively charged acceptor ions and a depletion of holes in
the valence band result. Currents from the metal to the
semiconductor would further enlarge the space-charge
region and are therefore negligible (Schottky contact).
Because of low carrier concentrations and large di-
electric constants ("� 10), band-bending effects can
occur in cuprate superconductors. The grain bound-
aries of cuprate superconductors may be considered
as double Schottky barriers (Fig. 50.25b). The result-
ing Thomas–Fermi screening length is in the range
of 0:5�1 nm, which is comparable to the coherence
length. The width of the insulating layer at the grain
boundary is t D dC 2ld, where d is the structural width
of the boundary and ld the thickness of the depletion
layer. The structural width of typical grain bound-
aries is � 0:4 nm. On the other hand, the thickness
of the depletion layer is 0:16 nm for "D 10, an in-
built voltage of 0:1V, and a carrier concentration of
4:5�1021 cm3 [50.102]. Consequently, the total thick-
ness of the insulating layer is considerably enhanced by
the space-charge region.

In such a scenario it should be possible to modify
the electronic properties of the interface by increasing
the carrier concentration. In Y-123 this can be done
by Ca doping. Figure 50.26 shows for symmetric 24ı

[001]-tilt boundaries the critical temperature and cur-
rent density as a function of the hole concentration. As
expected the jc values at 4:2K increase with increas-
ing hole concentration even in the over-doped region,
where Tc decreases.

Flux Pinning
Transport currents without losses can only flow in
a type II superconductor when the flux lines are effec-
tively pinned. The screening currents circulating around
each flux line are responsible for a repulsive vortex–
vortex interaction, which prevents flux motion as soon
as a sufficiently large fraction of the flux lines is pinned.
The effectiveness of this collective pinning depends on
the stiffness of the flux-line lattice.

The energy required to create a flux line can be es-
timated from the lower critical field Bc1 [50.47]. At the
lower critical field, flux lines start to enter the super-
conductor. The formation energy for each flux line is
therefore

Efl D
Bc1Z

0

mdB with m D �0

�0
lfl ; (50.27)

where m is the magnetic moment of a flux line of length
lfl containing a single flux quantum. The required en-
ergy per unit length is

Efl

lfl
D �0

�0
Bc1 : (50.28)

Using � D �L=� the lower critical field can be written
as [50.42]

Bc1 D �0 ln �

4 �2L
: (50.29)

When the flux line is in a normal region, no energy is re-
quired to form the normal vortex core, and the resulting
pinning energy per unit length is

Efl

lfl
D 1

4 �0

�
�0

�L

�2

ln

�
�L

�

�
: (50.30)

Generally, regions with reduced Cooper pair densities
due to defects can act as pinning centers.

The pinning properties of the cuprate superconduc-
tors are highly anisotropic. Relatively strong pinning
has been found for magnetic fields transverse to the cur-
rent direction applied in the ab plane. For the resulting
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Lorentz force along the c-direction, strong intrinsic pin-
ning may be provided by the insulating charge-carrier
reservoirs of the layered structure along the c-direction.
On the other hand, the pinning is weak for magnetic
fields transverse to the current direction applied along
the c-direction, leading to a Lorentz force parallel to
the ab-planes. Flux lines along the c-direction experi-
ence strong pinning only within the CuO2 blocks. As
a consequence of the layered structure, the vortices may
be cut into vortex segments or even pancake vortices

which exist only within the conductive CuO2 blocks.
These pancake vortices could easily move in the direc-
tion of the Lorentz force.

The positions of the irreversibility lines in the dif-
ferent cuprate superconductors reflect the anisotropy of
the pinning properties. Typically, the pinning efficiency
for magnetic fields along the c-direction decreases
as one progresses from Y-123 via the Hg- and Tl-
12.n�1/n compounds to the highly anisotropic Bi- and
Tl-22.n� 1/n cuprates.

50.4 Superconducting Films

Because of the weakly coupled large-angle grain
boundaries present in polycrystalline bulk material, the
transport critical current density is much smaller than
the jc of the individual grains. In contrast to poly-
crystalline bulk material, adjacent grains of epitaxial
films are connected by low-angle grain boundaries. As
a consequence, the critical current densities measured
in epitaxial films are close to the jc values of individual
grains. At low temperatures and zero applied field, the
critical current densities in epitaxial Y-123, Bi-2212,
Bi-2223 and Hg-1223 films exceed 107 A=cm2 [50.97,
104–106]. Even at 77K jc-values well above 107 A=cm2

have been measured in Y-123 films [50.107].
The physical properties of ultrathin films can be

considerably different from those of bulk single crys-
tals. First, let us consider the effect of the film thickness
on the critical temperature. For the growth of epitaxial
ultrathin films, a substrate with good lattice match-
ing is required. YBa2Cu3O7 films of thickness equal
to the height of a single unit cell in the c-direction
can be grown onto SrTiO3 single crystals covered by
a six-unit-cell-thick nonsuperconducting PrBa2Cu3O7

(Pr-123) buffer layer [50.108]. The lattice mismatch
of Y-123 and Pr-123 is less than 1:5%. The layer
growth can be checked by the observation of the strong
intensity oscillations of reflection high-energy elec-
tron diffraction. The period of these oscillations has
been found to correspond to the height of a single
unit cell. Y-123 films with a thickness of 1�10 unit
cell heights were grown by coevaporation of the met-
als under oxygen atmosphere. To provide hole doping
the ultrathin Y-123 films are covered by a six-unit-
cell-thick Pr-123 layer. The offset critical temperature
of these Y-123 films is considerably lower than that
of a 100-nm-thick film (Fig. 50.27). On the other
hand, the onset critical temperature has been found
to be much less affected. The reduction of the off-
set critical temperature has been attributed to the more
pronounced critical fluctuations in the thinner films.

Critical fluctuations are variations of the supercon-
ducting order parameter  D n1=2C exp.i'/ (nC is the
Cooper pair density) around the thermal equilibrium
values.

The critical temperature of ultrathin Y-123 lay-
ers in Y-123/Pr-123 multilayers has been found to
depend on the thicknesses of the insulating Pr-123 lay-
ers [50.109]. The thickness of 1:2 nm of the embedded
Y-123 layers corresponds to the height of a single unit
cell in the c-direction. The critical temperature of the
Y-123/Pr-123 multilayer decreases from � 50K (10%
of normal-state resistance) to � 13K for Pr-123 in-
terlayer thicknesses of 1.2 and 7:2 nm, respectively.
Because of the Josephson coupling of adjacent Y-123
layers in the multilayer the critical fluctuations are ex-
pected to be less pronounced than in a single Y-123 film
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Fig. 50.27 Offset critical temperature of ultrathin Y-123
films as a function of the layer thickness normalized to the
c lattice parameter. (After [50.108])
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of the same thickness. Thus, the Tc of the Y-123 layers
in the Y-123/Pr-123 multilayer with a Pr-123 thickness
of 1:2 nm is higher than that of a single Y-123 layer of
the same thickness (Fig. 50.27).

Finally, let us consider the effects of epitaxial
strain on the critical temperature of .La; Sr/2CuO4

films [50.67, 110, 111]. In epitaxial growth, the crystal-
lography prescribed by the substrate is transmitted to
the film. For a sufficiently small film thickness, the lat-
tice constant of the film is equal to that of the substrate.
As a consequence of the lattice mismatch a considerable
epitaxial strain can be induced in the film. Under epitax-
ial growth conditions, a compressive strain in the CuO2

planes of .La; Sr/2CuO4 is accompanied by a tensile
strain in the c-direction. Typically, in-plane compres-
sive and out-of-plane tensile strains enhance the Tc
of cuprate superconductors. Thus, the critical temper-
ature of cuprate superconductors should be much more
sensitive to epitaxial strain effects than to hydrostatic
pressure, where the opposite in-plane and out-of-plane
effects partly cancel each other. Because of film de-
position at temperatures above 750 ıC, differences in
the thermal expansion coefficients provide an additional
contribution to the strain in the films. In thick films the
epitaxial strain is released by the appearance of misfit
dislocations. The expected change in the critical tem-
perature of the films is given by

Tc D Tc.0/C 2
dTc
d"ab

"ab C dTc
d"c

"c ; (50.31)

where "D .dbulk � dstrained/=dbulk, with d being a lattice
parameter.

To study the epitaxial strain effects, Locquet
et al. [50.67] deposited La1:9Sr0:1CuO4 films (a D
0:3784nm, ˛ D 8:5�10�6 K�1) of 10�15 nm thick-
ness on SrTiO3 (a D 0:3905 nm, ˛ D 9�10�6 K�1) and
SrLaAlO4 (a D 0:3754 nm, ˛ D 10:5�10�6 K�1) sub-
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Fig. 50.28 Resistivity versus temperature for La-214 films
on SrTiO3 and SrLaAlO4 substrates. The different epitaxial
strains lead to considerably different critical temperatures
of 10 and 49K. For comparison the resistivity of La-214
bulk material (Tc D 25K) is also shown. (After [50.67])

strates. Using x-ray diffraction, strain values of "ab D
0:63% and "c D �0:76% have been determined for the
La-214 film on SrTiO3. The corresponding strain val-
ues for the La-214 film deposited onto SrLaAlO4 are
"ab D �0:54% and "c D 0:35%. The results of Loc-
quet et al. [50.67] are shown in Fig. 50.28. The critical
temperatures of the La-214 films of 10 (SrTiO3) and
49K (SrLaAlO4) are, as expected, considerably dif-
ferent from the bulk value of 25K. In addition, the
temperature dependencies of the normal state resistiv-
ities of the two films are remarkably different. The film
experiencing a tensile in-plane strain shows an upturn
of the normal state resistance at temperatures below
100K, which is an effect also found in under-doped
cuprate superconductors.

50.5 The Special Case of MgB2
In spite of the fact that MgB2 has been known since
the early 1950s, it was unknown until 2001 that it
is a superconductor with a remarkably high transition
temperature. Figure 50.29 shows the hexagonal crystal
structure of MgB2, consisting of alternating layers of
boron and magnesium. As a consequence of the layered
structure, anisotropic physical properties result. The ar-
rangement of the boron atoms is the same as that of the
carbon atoms in graphite. Each of the boron atoms is
surrounded by three other boron atoms at the same dis-
tance.

To study the role of phonons in the supercon-
ductivity of MgB2, the critical temperatures of iso-
topically pure Mg10B2 and Mg11B2 specimens have
been studied [50.117]. The transition temperatures of
Mg11B2 and Mg10B2 defined by a 2% onset criterion
are 39.2 and 40:2K, respectively. Defining a partial
boron isotope-effect exponent ˇB D lnTc= lnMB,
where MB is the atomic mass of boron, a value of
ˇB D 0:26˙ 0:03 results from the experimental data.
On the other hand, the isotope effect for 26MgB2 and
24MgB2 is much less pronounced [50.118]. The shift of
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Fig. 50.29 Hexagonal crystal structure of MgB2 consist-
ing of alternating layers of magnesium and boron. (Af-
ter [50.15])
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Fig. 50.30 Half-widths of the �- and �-band gaps of
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0:1K in Tc corresponds to a partial Mg isotope-effect
exponent ˇMg of 0.02. The strong boron isotope effect
suggests that the pairing of the electrons is caused by
the boron phonons. Thus, MgB2 seems to be a conven-
tional metallic superconductor with an extremely high
transition temperature. The high transition temperature
seems to be caused by the small atomic mass of boron,
leading to high phonon frequencies.

The currently known physical properties of MgB2

are summarized in Table 50.8. As in cuprate super-
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Fig. 50.31 Critical current density of a c-axis-oriented
MgB2 film as a function of temperature for magnetic fields
up to 4 T. (After [50.133])

conductors, the operation range of MgB2 is limited by
the irreversibility field. In polycrystalline bulk samples,
the irreversibility field typically reaches 50% of Bc2. In
nanocrystalline MgB2 bulk material the irreversibility
field is shifted to 80% of Bc2. The enhancement of the
irreversibility field in the nanocrystalline material has
been attributed to the improved pinning provided by
the large number of grain boundaries [50.119]. Max-
imum irreversibility fields of more than 14T at 4:2K
have been reported for MgB2 bulk material annealed
in Mg vapor [50.120]. MgB2 is an extreme type II su-
perconductor with a Ginzburg–Landau parameter � of
38. The coherence length of �c � 2:5 nm is consider-
ably larger than the values of � 0:2 nm measured for
cuprate superconductors (Table 50.7). The anisotropy
of the upper critical fields reported for c-axis-oriented
films [50.121] and single crystals [50.122] is typically
close to Bc2;ab=Bc2;c � 3.

A special feature of MgB2 is the existence of two
energy gaps. In MgB2, layers of Mg2C ions and metal-
lic boron alternate along the crystallographic c direction
(Fig. 50.29). The electronic structure of MgB2 is simi-
lar to that of graphite. The highest occupied electronic
states are �- and �-bonding boron orbitals [50.134–
136]. The incompletely filled �-bands are confined to
the boron planes, while the nonbonding �-electrons fill
two three-dimensional metallic bands. Band structure
calculations indicate that �-electrons are transferred to
the �-bands [50.134]. The superconductivity of MgB2

is dominated by the �-band holes, which are strongly
coupled to the in-plane vibrations of boron atoms,
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Table 50.8 Physical properties of MgB2

Parameter Value Comments Reference
Tc (K) 40.2 Mg10B2 [50.117]
Lattice parameters Crystal structure [50.15]
a (nm) 0.3086 Hexagonal
c (nm) 0.3524 Space group P6/mmm
� (m� cm) 1�18 at 40K [50.120]
� (300K)/�(40 K) 15�3 [50.120]
Bc1 (mT) 18�26:5 T D 0 [50.123, 124]
Bc1;ab (mT) 22 Single crystal, T D 0 [50.125]
Bc1;c (mT) 63 Single crystal, T D 0 [50.125]
Bc2;ab (T) 19.6/26.4 Films Tc: 37.5/31:4 K, T D 0 [50.126]
Bc2;c (T) 13.8/14.6 Films Tc: 37.5/31:4 K, T D 0 [50.126]
Bc2;ab (T) 14.5 Single crystal, T D 0 [50.125]
Bc2;c (T) 3.18 Single crystal, T D 0 [50.125]
Birr (T) > 14=� 6 T D 4:2=20K [50.120]
Birr (T) 14:5�25:5 Tapes [50.127, 128]
�ab (nm) 6:8�8:1 T D 0 [50.124, 129]
�c (nm) 2:3�2:7 T D 0 [50.124, 129]
� (nm) 110�180 T D 0 [50.123, 130]
�ab (nm) 82 Single crystal, T D 0 [50.125]
�c (nm) 370 Single crystal, T D 0 [50.125]
� D �=� 38 Polycrystalline, T D 0 [50.123]
�ab D .�ab�c=�ab�c/

0:5 37.1 Single crystal, T D 0 [50.125]
�c D �ab=�ab 8.1 Single crystal, T D 0 [50.125]
� (meV) 8:5�9:5a T D 4:2K [50.131]
�� (meV) 6:5�8 [50.112–116]
�� (meV) 1:9�2:8 [50.113, 115, 116]

a MgB2 is a double gap superconductor (see for example [50.132])

leading to strong pairing and an energy gap with half-
width �� � 7meV [50.135]. In addition, weaker pairs
(�� � 2meV) are formed by the �-electrons [50.135].
The measured values of the half-widths of the two en-
ergy gaps are presented in Fig. 50.30.

Immediately after the discovery of superconductiv-
ity in MgB2, the current transport across grain bound-
aries was studied [50.137, 138]. The results of these in-
vestigations indicate that the grain boundaries in MgB2

do not act as weak links. This behavior reflects the
fact that the coherence length of MgB2 is considerably
larger than that of cuprate superconductors.

To give an impression of the current-carrying ca-
pacity of MgB2, the critical current density of c-axis-
oriented films as a function of temperature is shown in
Fig. 50.31 for selected applied magnetic fields (Bjjc).
The critical current density at 15K and zero applied
field is as high as 16MA=cm2 [50.133, 139], which is
comparable to the jc values of cuprate superconduc-
tors.

Finally, let us briefly consider the synthesis of
MgB2. Polycrystalline MgB2 can be synthesized by
the reaction of boron powder with magnesium va-
por. Stoichiometric quantities of boron and magnesium
are sealed into a tantalum tube under an argon at-
mosphere. In addition, the tantalum tube containing
the B/Mg mixture is sealed into a quartz ampoule. To
form the desired MgB2 intermetallic compound, the
mixture is heat treated at 950 ıC for 2 h [50.140]. In
a similar way boron precursor films can be converted
to MgB2 in the presence of Mg vapor. The anneal-
ing temperature for the formation of MgB2 films is
typically in the 850 ıC range. Very recently c-axis-
oriented epitaxial MgB2 films were grown onto Al2O3

substrates [50.121]. For applications in electronics, it
is desirable to grow the MgB2 films in situ in a single
step on a suitable substrate. The substrate and electronic
materials ZrO2, MgO, TiN, TaN, AlN, and SiC show
no reaction with MgB2 up to an annealing temperature
of 800 ıC [50.141].
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50.6 Iron-Based Superconductors

In 2008, Hosono and collaborators discovered that
LaO1�xFxFeAs is a superconductor with a critical
temperature of 26K [50.16]. Very recently a criti-
cal temperature, as high as 58:1K, was reported for
SmO0:74F0:26FeAs [50.142]. Because of these high
critical temperatures, the iron-based superconductors
are considered as a second class of complex high-
temperature superconductors. There exist four main
families of iron-based superconductors, which, like the
cuprates, are characterized by layered crystal structures.
The (1111)-family can be represented by the chemical
formula REOFeAs, where RE is a rare earth element.
Layers of REO and FeAs alternate along the crystallo-
graphic c direction. Figure 50.32 shows a sketch of the
tetragonal crystal structure of the undoped LaOFeAs
(La-1111) at room temperature.

In a second family of iron-pnictide superconduc-
tors, layers of earth alkaline ions alternate with Fe2As2
layers. These (122) compounds crystallize with a tetrag-
onal crystal structure (space group I4/mmm) [50.145,

c

a

As

O

La

Fe

Fig. 50.32 Sketch of the tetragonal crystal structure of
LaOFeAs (space group P4/nmm). The lattice parameters
of the non-fluorine-doped compound are a D 0:4033 nm
and c D 0:8741 nm [50.143]. The z positions of the atoms
are z D 0 and z D c for oxygen, z D 0:141c and z D 0:859c
for La, z D 0:5c for Fe and z D 0:348c and z D 0:652c for
As [50.143]. (After [50.144, 145])

146]. Figure 50.33 shows as an example the tetragonal
crystal structure of CaFe2As2 (Ca-122) [50.146].

In the (111)-family of iron-pnictide superconduc-
tors, FeAs layers alternate with layers of alkali ions
(Li, Na) along the crystallographic c direction [50.147,
148].

In the cuprate superconductors, the current flows
mainly along the conductive CuO2 planes, which are
separated by the insulating layers of the charge-carrier
reservoirs (Fig. 50.14). The iron-pnictide supercon-
ductors are characterized by layered crystal structures
similar to the cuprates. In the iron pnictides, the FeAs
layers are conductive, while the layers of REO ((1111)-
family), alkaline earth ions ((122)-family) and alkali
ions ((111)-family) act as charge-carrier reservoirs.
A further analogy to the cuprate superconductors is
the fact that the nondoped parent compounds are not
superconducting. However, the parent compounds of
the iron-pnictide superconductors are metals show-
ing an antiferromagnetic order, whereas the parent
compounds of the cuprate superconductors are anti-
ferromagnetic Mott insulators. Doping suppresses the
antiferromagnetic ordering and the low-temperature

c

a

Ca

Fe

As

Fig. 50.33 Sketch of the tetragonal crystal structure of
CaFe2As2 (space group I4/mmm). The lattice parameters
of the nondoped compound are a D 0:3872 nm and c D
1:1730 nm at room temperature [50.146]. The z positions
of the atoms are z D 0, z D 0:5c and z D c for Ca, z D
0:25c and z D 0:75c for Fe, and z D 0:133c, z D 0:367c,
0:633c and z D 0:867c for As. (After [50.145, 146])
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transition from a tetragonal to an orthorhombic crystal
structure (Fig. 50.34).

The critical temperature of iron-pnictide supercon-
ductors depends on the doping level. In LaOFeAs,
superconductivity can be established by fluorine dop-
ing. The charges per formula unit of LaOFeAs are
C1 in the LaO layer and �1 in the FeAs layer. The
charges of La, O, and F are C3, �2 and �1 respectively.
Substitution of 10% of the oxygen atoms by fluorine
(leading to LaO0:9F0:1FeAs) increases the charge of the
LaOF layer to C1:1. For charge neutrality, the negative
charge of the FeAs layer must be increased to �1:1,
i. e., the FeAs layer is doped with electrons. In a similar
way, replacement of Ba by K leads to hole doping in
Ba1�xKxFe2As2.

In contrast to cuprate superconductors, in which
doping in the CuO2 planes is detrimental for su-
perconductivity, cobalt doping for iron can establish
superconductivity in Ba.Fe;Co/2As2 [50.148]. Further-
more, phosphorous doping leads to superconductivity
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Fig. 50.34 Phase diagrams of La-1111 (solid
lines) [50.148] and Ba-122 (dotted lines) [50.149].
In the case of La-1111, the Ts line indicates the temper-
ature of the structural transformation from a tetragonal
to an orthorhombic structure. At a slightly lower tem-
perature TN, a transition to an antiferromagnetic state
occurs. Above 4:5% fluorine doping, superconductivity is
observed, while the transition to an orthorhombic crystal
structure and antiferromagnetic ordering is suppressed. For
Ba-122, the transition to an orthorhombic crystal structure
and SDW ordering occurs at the same temperature TSDW.
Again, doping suppresses of the structural transition and
the antiferromagnetic SDW ordering. A maximum critical
temperature of � 38K is reached for y D 0:4

in BaFe2.As; P/2 without the introduction of additional
charge carriers to the FeAs planes [50.150]. In the
iron-pnictide superconductors, not only the addition of
charge carriers but also the effect of doping on the crys-
tal structure are of importance.

In addition to the iron pnictides, there exists a fourth
family of iron-based superconductors without FeAs lay-
ers. In this (11)-family with the chemical formula FeCh,
where Ch represents Se, Te, or S, the FeAs layers are re-
placed by iron chalcogenide layers. Moreover, there are
no layers to act as charge-carrier reservoirs [50.148].

The next aspect to be considered are the phase
diagrams of LaO1�xFxFeAs (La-1111) [50.148] and
Ba1�yKyFe2As2 (Ba-122) [50.149] (Fig. 50.34). The
La-1111 parent compound without fluorine doping
shows a transition from a tetragonal to an orthorhombic
structure at a temperature Ts � 155K. Slightly below
140K, antiferromagnetic ordering has been observed.
Doping with fluorine suppresses both the structural in-
stability and the antiferromagnetic order. Above 4:5%
fluorine doping, superconductivity is observed, and
a maximum critical temperature of 26K is reached
at around 10%. In the case of the Ba-122, the es-
tablishment of an antiferromagnetic spin density wave
(SDW) order is accompanied by a structural change
from a tetragonal to an orthorhombic structure. In the
nondoped parent compound, the transition to the or-
thorhombic crystal structure and the SDW order occurs
around 140K. Doping suppresses the structural insta-
bility and the antiferromagnetic SDW order. Supercon-
ductivity can exist above 10% potassium doping. For
doping levels between 10 and 25% superconductivity
and SDW order can coexist in Ba-122 in the orthorhom-
bic crystal structure. The maximum critical temperature
of around 38K is reached when around 40% of the bar-
ium atoms are replaced by potassium.

The known physical properties of various iron-
based superconductors are listed in Table 50.9. The
maximum critical temperatures of (1111) compounds
exceed 50K. For Ba-122 and Sr-122, maximum critical
temperatures of 38K have been reported. The (1111)
compounds crystallize in a tetragonal crystal structure
with the space group P4/nmm. The lattice parameters
of the fluorine-doped compounds are slightly shorter
than those of the parent compounds. For the compounds
considered, the a lattice parameters are in the range
of 0.3932 and 0:4039nm, while the c lattice param-
eters are between 0.8490 and 0:8742 nm. The crystal
structures of the (122) compounds are body-centered
tetragonal (space group I4/mmm). The lattice param-
eters of the nondoped Ba-122 are a D 0:3964nm and
c D 1:3022nm. In some of the iron-pnictide supercon-
ductors, evidence for the existence of two gaps has
been found. The ratio of 2�=Tc is between 3 and 4
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for the smaller gap, and above 7 for the larger. A char-
acteristic feature of the iron-based superconductors is
an extremely high upper critical field of the order of
100T. Because of the layered crystal structures, the
physical properties of iron-based superconductors are
anisotropic. The coherence length along the FeAs (ab)
planes varies between 1.2 and 5 nm, while along the c
direction it is in the range of 0.35 to 1:2 nm. The pen-
etration depth for screening currents flowing in the ab
planes is of the order of 200 nm.

The last aspect to be considered is the critical
current density in iron-based superconducting films.
The critical current densities of Fe(Te,Se) [50.177],
Ba.Fe;Co/2As2 [50.178], BaFe2.As;P/2 [50.179], and
IBAD-MgO/Ba.Fe;Co/2As2 films [50.180] are pre-
sented in Fig. 50.35. The critical current densities
at 4:2K and zero applied field reach values between
0.4 (Fe(Te,Se)) and 3:5MA=cm2 (BaFe2.As;P/2). For
the Ba.Fe;Co/2As2 film, critical current densities for
fields applied parallel and perpendicular to the crys-
tallographic c-direction are shown. The critical current
densities at 4:2K and an applied magnetic field of
9 T parallel and perpendicular to the c-direction are
0.12 and 0:2MA=cm2, respectively. This anisotropy
with respect to the direction of the applied magnetic
field is less pronounced than in conductors coated with
REBa2Cu3O7 (RE: rare earth element). The jc data of
the BaFe2.As;P/2 film at temperatures of 4.2, 10, and
20K indicate that the dependence on the applied mag-
netic field at 20K is much more pronounced than at
10 or 4:2K. The high critical current densities and the
weak field dependence at low temperatures suggest that
the iron-based superconductors show promise in the
generation of extremely high magnetic fields. Because
of the very short coherence length along the crys-
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Ba (Fe, Co)2As2, B || c, 8 K
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Fig. 50.35 Critical current density versus field
in Fe(Te,Se) [50.177], Ba.Fe;Co/2As2 [50.178],
BaFe2.As;P/2 [50.179], and IBAD-MgO/Ba.Fe;Co/2As2
films [50.180]

tallographic c-direction, they may show a weak-link
behavior of the grain boundaries similar to the cuprates.
Several research groups [50.170, 181–186] have stud-
ied the intergrain and the intragrain critical current
densities in iron-based superconductors. Evidence for
intergrain critical current densities much smaller than
the intragrain jc has been found. However, the large dif-
ference between the two is caused partly by the wetting
of the grain boundaries with FeAs. The extent to which
the observed reduction of the intergrain jc is caused
by an intrinsic weak-link problem needs to be clari-
fied.

50.7 Summary

The cuprate high-temperature superconductors are
characterized by layered crystal structures. Conduc-
tive CuO2 layers in the crystallographic ab-planes
are a common feature of all cuprate superconductors.
Along the c-direction, conducting copper oxide blocks
and insulating charge-carrier reservoirs alternate. As
a consequence, the physical properties of cuprate su-
perconductors are strongly anisotropic.

The critical temperature as well as the other physical
properties depends considerably on the charge-carrier
concentration. Themaximumcritical temperature is typ-
ically reached for a carrier concentration of 0.18 holes
per CuO2. Furthermore, the highest Tc of optimally
doped cuprate superconductors is typically reached in

compounds with three or four CuO2 layers in the CuO2

blocks. The highest known critical temperature of 135K
at ambient pressure was achieved in Hg-1223.

The cuprate superconductors are close to a metal–
insulator transition. The d-wave symmetry of the energy
gap and the existence of a pseudogap above Tc, espe-
cially in under-doped cuprate superconductors, suggest
that the pairing mechanism of the electrons is differ-
ent from that in metallic superconductors. Furthermore,
only a weak isotope effect has been observed in the
cuprates, which again suggests that the electron pairing
is not phonon mediated.

Extremely short coherence lengths and low carrier
concentrations seem to be responsible for the weak-link
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Table 50.9 Physical properties of various iron-based superconductors

Compound Parameter Value Comments Reference
Critical temperatures
LaOFeP Tc (K) � 4 P analog to LaOFeAs [50.30]
La0:89F0:11FeAs Tc (K) 26 O partly replaced by F [50.16]
La0:87Sr0:13OFeAs Tc (K) 25 La partly replaced by Sr [50.151]
SmO0:74F0:26FeAs Tc (K) 58.1 O partly replaced by F [50.34]
SmO.Fe0:9Co0:1/As Tc (K) 15.2 Fe partly replaced by Co [50.152]
CeO0:84F0:16FeAs Tc (K) 41 O partly replaced by F [50.153]
NdO0:75F0:25FeAs Tc (K) 55 O partly replaced by F [50.154]
NdO0:85FeAs Tc (K) 46 Oxygen deficiency [50.155]
GdO0:85FeAs Tc (K) 53.5 Oxygen deficiency [50.156]
Gd0:8Th0:2OFeAs Tc (K) 56 Gd partly replaced by Th [50.144]
DyO0:9F0:1FeAs Tc (K) 45 O partly replaced by F [50.157]
LiFeAs Tc (K) � 18 [50.147]
NaFeAs Tc (K) 12�25 [50.147]
Ba0:6K0:4Fe2As2 Tc (K) 38 Ba partly replaced by K [50.148]
Sr0:6K0:4Fe2As2 Tc (K) 38 Sr partly replaced by K [50.148]
Ba.Fe0:8Co0:2/2As2 Tc (K) 22 Co doping in FeAs layers [50.148]
’� FeSe Tc (K) 8�27 [50.148]
Fe.Se0:5Te0:5/ Tc (K) � 15:5 Se partly replaced by Te [50.148]
Fe.Se0:8S0:2/ Tc (K) � 15:5 Se partly replaced by S [50.147]
Fe.Te0:8S0:2/ Tc (K) 10 Te partly replaced by S [50.147]

Crystal structures and lattice parameters
LaOFeAs a (nm) 0.4039 Tetragonal (P4/nmm) [50.158]

c (nm) 0.8742
LaO0:8F0:2FeAs a (nm) 0.4030 Tetragonal (P4/nmm) [50.158]

c (nm) 0.8716
SmOFeAs a (nm) 0.3940 Tetragonal (P4/nmm) [50.159]

c (nm) 0.8501
SmO0:85F0:15FeAs a (nm) 0.3932 Tetragonal (P4/nmm) [50.159]

c (nm) 0.8490
BaFe2As2 a (nm) 0.3964 Tetragonal (I4/mmm) [50.160]

c (nm) 1.3022
BaFe1:87Co0:13As2 a (nm) 0.3963 Tetragonal (I4/mmm) [50.160]

c (nm) 1.2991
LiFeAs a (nm) 0.3791 Tetragonal (P4/nmm) [50.161]

c (nm) 0.6364

Superconducting energy gaps
LaO0:9F0:1�ıFeAs � (meV) 3:9˙ 0:7 Tc D 27K, 2�=Tc D 3:35 [50.162]
SmO0:8F0:2FeAs � (meV) 6:45˙ 0:25 Tc D 51:2K, 2�=Tc D 2:95 [50.163]
(2 gaps) � (meV) 16:6˙ 1:6 Tc D 51:2K, 2�=Tc D 7:65
Ba0:6K0:4Fe2As2 � (meV) 6 Tc D 37K, 2�=Tc D 3:76 [50.164]
(2 gaps) � (meV) 12 Tc D 37K, 2�=Tc D 7:53
LiFeAs (single gap) � (meV) 3˙ 0:2 Tc D 17K, 2�=Tc D 4:1 [50.165]

Upper critical fields
LaO0:9F0:1�ıFeAs Bc2 (T) 56 T D 0, Tc D 28:9K [50.166]
SmO0:65F0:35FeAs Bc2 (T) � 120 T D 0, Tc D 52K [50.167]
CeO0:9F0:1FeAs Bc2 (T) 94 T D 0, Tc D 38:4K [50.168]
Ba0:6K0:4Fe2As2 Bc2 (T) 75 Bab

c2=B
c
c2 � 1�3 [50.149]

.Ba; K/Fe2As2 Bc2 (T) 70 Bab
c2=B

c
c2 � 1:4, Tc D 28K [50.169]

Fe(Te, Se) Bc2 (T) 87 T D 0 [50.148]
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Table 50.9 (continued)

Compound Parameter Value Comments Reference
Characteristic length scales
LaO0:89F0:11FeAs �ab.0/ (nm) 5 Coherence length [50.170]

�c.0/ (nm) 1.2
LaO0:9F0:1FeAs �ab.0/ (nm) 254 Penetration depth [50.171]
NdO0:82F0:18FeAs �ab.0/ (nm) 3.1 Coherence length [50.172]

�c.0/ (nm) 0.78
SmO0:9F0:1FeAs �ab.0/ (nm) 205 Penetration depth [50.173]
Ba0:6K0:4Fe2As2 �ab.0/ (nm) 1.25 Coherence length [50.172]

�c.0/ (nm) 0.45
�ab.0/ (nm) 125 Penetration depth
�c.0/ (nm) 304

SrFe1:75Co0:25As2 �ab.0/ (nm) 316 Penetration depth [50.174]
�c.0/ (nm) 870

LiFeAs �ab.0/ (nm) 2�4 Coherence length [50.165]
�ab.0/ (nm) 210 Penetration depth

FeSe0:89 �.0/ (nm) 3.14 Coherence length [50.175]
�.0/ (nm) 1008 Penetration depth

Fe(Se, Te) �ab.0/ (nm) 1.2 Coherence length [50.176]
�c.0/ (nm) 0.35

behavior of large-angle grain boundaries in the cuprate
superconductors. To achieve transport critical current
densities comparable to the intra-grain jc, a biaxial tex-
ture is required.

Since the discovery of superconductivity above
50K in the iron pnictides, the cuprates are no longer
the only class of high-temperature superconductors. In
the iron pnictides, layers of FeAs alternate with lay-
ers of REO, alkaline earth or alkali ions, which act
as charge-carrier reservoirs resembling those in the
cuprate superconductors. As in the cuprates, the super-
conducting state is close to an antiferromagnetic state.
However, the parent compounds of the iron-pnictide su-
perconductors are metals and not Mott insulators as in
the case of the cuprates. Because of their very high up-
per critical fields, the iron-based superconductors are
potential high field superconductors.

The metallic intermediate-temperature supercon-
ductor MgB2 may have applications in spite of its

moderate critical temperature of 39K, because of its
simpler chemistry and the fact that its grain boundaries
do not act as weak links. The observation of a pro-
nounced boron isotope effect suggests that MgB2 is
a conventional BCS superconductor. The anisotropy of
the physical properties of MgB2 is less pronounced than
that of the cuprate superconductors.

The maximum operation fields of MgB2, cuprate
and iron-based superconductors are limited by the irre-
versibility line, which is well below the upper critical
field. The existence of an irreversibility line may be
caused by thermally activated depinning or flux-line lat-
tice melting.
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