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Chapter 1

Superconducting Properties of

Solids
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Superconductors exhibit a unique set of properties. These unique properties are summarized
in this chapter.

1.1 Perfect Conductivity R =0 (1911)

The resistance of a normal metal gradually decreases as the temperature is lowered and levels
off at very low temperatures (see Fig. 1.1). The resistance at absolute zero is determined by
electrons scattered by impurities and defects in the metal (see §7.3 of part I). Many metals,
however, undergo a phase transition to the superconducting state (see Fig. 1.1), whereby
these metals have zero resistance below some temperature, T, the superconducting tran-
sition temperature (see Fig. 1.1). The phase transition to a superconducting phase effect
was discovered by Kamerlingh Onnes in 1911, shortly after he had for the first time liquefied
helium (boiling point = 4.2 K). Some typical T,’s for elemental superconductors are 9.25 K
for Niobium (Nb), 7.2 K for lead (Pb), 1.1 K for Al, and even silicon is superconducting
under pressure at 7.1 K! Some typical T,.’s for important elemental superconductors are
given in Table 1.1. However, noble metals like copper (Cu), gold (Au) and silver (Ag) have
not yet been found to undergo a superconducting transition for temperatures as low as a few
millidegrees Kelvin. Until 1986, the highest known transition temperature was 23.2 K for
NbsGe. This is one reason why the scientific community was so surprised by the discovery



Figure 1.1: Low temperature resistance of a
typical normal metal (upper curve), showing a
dc resistivity at low temperatures of the form
p = po + AT® and a superconductor (lower
curve), showing zero resistivity below the su-
perconducting transition temperature 7.

‘Resistivity

Temperature

Table 1.1: Superconducting transition temperatures (7) and critical magnetic fields (H.)
for some typical elemental superconductors.

Material | T, (K) H,. (gauss)
Al 1.1 99
Sn 3.7 305
Pb 7.2 803
Nb 9.25 1980
He 4.15 411
v 5.38 1020
In 3.4 293
La 4.9 798
Ta 4.48 830
Tc 7.77 1410
Pa 14 -
Re 1.7 198
Tl 2.39 171
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in 1986 of high T, superconductivity in transition metal cuprate compounds, with T, values
far exceeding the previous record of 23.2 K, and by 1987 T, values of > 120 K were reported,
ushering in a new period of high research activity on high T, superconducting materials.

An interesting consequence of perfect conductivity is that if a current is introduced into
a ring of a superconducting material, then the current will persist indefinitely, without de-
caying (see Fig. 1.2). On the other hand, the current carrying capacity of a superconductor
is finite and cannot exceed a critical current density j., above which it reverts back to the
normal state.

1.2 Meissner Effect B =0

Besides perfect conductivity, the other main characteristic of superconductivity is perfect
diamagnetism; this means that B = 0 within a superconductor and that magnetic flux is
excluded from a superconductor. This fundamental property of superconductors was first
identified by Meissner in 1933 and is called the Meissner effect. In Fig. 1.3 we see the
magnetic field lines for a perfect conductor (a) and for a perfect diamagnet (b), which is
a superconductor. We shall see later that there is, in fact, an exponential decay of the
magnetic flux at the surface of a superconductor e %/*, and this decay is characterized by
the superconducting penetration depth .

As shown in Fig. 1.3, no flux penetrates a superconductor for 7' < T, and H < H,,
whether it is cooled in a magnetic field or not. In contrast, a perfect conductor will have
no flux inside, only if it is cooled below T in zero field. This is evidence that a supercon-
ductor is more than a perfect conductor.
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Figure 1.3: Schematic diagram of the mag-
@ netic field behavior of (a) a “perfect electri-
cal conductor” defined as a normal metal hav-
ing zero resistance below T, and (b) a metal
Perfect that is a superconductor below T,.. The lines
A A with arrows indicate the magnetic flux lines.
Whereas the normal metal has no flux exclu-

sion, a superconductor exhibits full flux exclu-

(b) sion.

Super
conductor

1.2.1 Critical Fields

If an external magnetic field is increased above a critical value (see Table 1.1), the super-
conductor will revert to the normal state with finite resistivity. For type I superconductors,
B remains zero until the sample exceeds the critical field H, (see Fig. 1.4a). Most elemental
superconductors are Type-I superconductors and exhibit low critical fields (see Fig. 1.5a)
and a simple magnetization curve (see Fig. 1.6a). For a Type II superconductor, B remains
zero only for relatively small magnetic fields (H < H.1) (see Fig. 1.4b). Then above this
critical field value (H.j), magnetic flux enters the superconductor in the form of vortices
(see Figs. 1.4b and 1.6b). These vortices have a core of material in the normal state, around
which super-currents circulate. As the magnetic field increases, the density of vortices in-
creases until the upper critical field H.o is reached, where the vortex cores (which are in
the normal phase) overlap with one another, and the material becomes a normal metal
completely (see Figs. 1.4b and 1.6b). Most materials of practical interest are type II super-
conductors where typical values of H.y are in the Tesla range (see Figs. 1.5a,b). The critical
parameters that characterize a type II superconductor are T,., H.o and j., where j. is the
critical current density. For current densities above j., superconductivity is destroyed and
the normal resistive state is restored. For practical applications it is desirable for all three
critical parameters (7., He2, j.) to be large.

1.3 Flux Quantization

When a persistent (non-decaying) current is induced in a superconducting ring (see Fig. 1.2),
the resulting flux within the ring is found to be quantized in units of &y = ch/2e =
2.0678 x 10~ "gausscm? = 2.0678 x 10715 tesla-m?. The experimental confirmation of flux
quantization in superconductor rings was first reported by 2 experimental groups in 1961
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Figure 1.4: Schematic magnetic phase diagrams of (a) type I and (b) type II superconduc-
tors. Note the formation of a vortex phase above H.; in a type II superconductor, where
magnetic flux penetrates into the core of the vortices.
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Figure 1.5: (a) Plot of H, vs T for several type I superconductors. (b) Plot of Hep vs T for
several type II superconductors. Notice the great difference in scale for the critical fields
between type I and type II superconductors. Because of their high critical fields, Type II
superconductors are of particular interest for superconducting magnet applications.
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Figure 1.6: (a) Magnetization versus applied magnetic field for a bulk superconductor ex-
hibiting a complete Meissner effect, i.e., perfect diamagnetism. A superconductor with this
behavior is called a type I superconductor. Above the critical field H. the specimen be-
comes a normal conductor and the magnetization is too small to be seen on this scale. Note
that —47wM is plotted on the vertical scale (a negative value for the magnetic susceptibility
corresponds to diamagnetism). (b) Magnetization curve of a type II superconductor. The
flux starts to penetrate the specimen at a field H.; which is lower than the thermodynamic
critical field H.. The specimen is in a vortex state between H.; and H., but has super-
conducting electrical properties up to H.. For a given type II superconductor, the area
under the dashed magnetization curve in (b) is the same for a type II superconductor as
for a type I superconductor.



(B.S. Deaver and W.M. Fairbank, Phys. Rev. Lett. 7, 43 (1961) and R. Doll and M.
Néabauer, Phys. Rev. Lett. 7, 51 (1961)). This observation strongly suggested that
superconductivity is a quantum mechanical phenomenon. As a consequence of flux
quantization, there are vortices in type Il superconductors, and each vortex encloses a single
quantized unit of flux ®.

1.4 The Superconducting Energy Gap

Prior to the discovery of flux quantization, experiments on the heat capacity and on the
absorption of microwave power were performed, each of which provided evidence for an
energy gap, characteristic of the superconducting state. These two experiments were critical
to the development of the microscopic theory of superconductivity. The existence of an
energy gap was soon verified experimentally by the elegant tunneling experiments by Giaever
(see § 1.6).

The heat capacity C of a material is the amount of heat AQ needed to raise the tem-
perature by AT = 1 K per mole, namely AQ = C'AT. For normal metals the heat capacity
exhibits a temperature dependence C' = T + B3T3. The first term (C, = 7T arises from
the electronic contribution, while the second term (Cp = BT°) arises from the lattice. At
low temperatures the specific heat is dominated by the electronic part, C. = vT. As a metal
is cooled below the transition temperature 7., the electronic part of the heat capacity of
a superconductor, increases abruptly and then decays rapidly with decreasing temperature
(see Fig. 1.7), falling off to zero exponentially as 7' — 0. Such an exponential fall-off in
C(T) provided early evidence (1954) for an energy gap, A (see Fig. 1.7).

The microwave absorption experiment likewise provided direct evidence for an energy
gap, including an early determination of the temperature dependence of the energy gap A(T)
(see Fig. 1.8). In §1.8 we present a simple model for the thermodynamics of superconductors,
which provides background for the heat capacity studies of Fig. 1.7, while in § 2.5 we present
the London equations, describing the electromagnetics of superconductors, which is based on
a two-fluid model for superconductivity (see §2.6). According to this model the electrons
in a superconductor consist of superconducting electrons with no resistance and normal
electrons which can dissipate energy at ac (microwave) frequencies.

1.5 Thermal Conductivity

In our study of transport properties (see part I, §6.2.2) we found that for metals, the
electronic contribution k. dominates the thermal conductivity x = ke 4+ k. For normal
metals, k. is proportional to the electron density. However, for a superconductor at T' = 0,
the electrons are all in the superconducting state, bound in Cooper pairs, as we discuss
in §2.1. When the electrons are all bound in pairs, they do not contribute to x, because
they are in a fully ordered state and have no entropy. Thus at finite temperatures, x for
a superconductor is very small (see Fig. 1.9), since only the excited quasiparticles of the
two fluid model (as discussed below) can contribute to k. The low thermal conductivity of
superconductors for T' < T, can be utilized in a low temperature heat switch. Application
of a magnetic field can be used to cause a superconducting-normal transition, thereby
restoring high thermal conductivity and a good thermal conduction path to the metal.
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Figure 1.7: (a) The heat capacity of gallium in the normal and superconducting states. The
normal state (which is restored by a 200 G magnetic field) has electronic, lattice and (at low
temperatures) nuclear quadrupole contributions to the heat capacity. In (b) the electronic
part C¢; of the heat capacity in the superconducting state is plotted on a log scale versus
T./T: the exponential dependence of C(T') on 1/T at low temperature is evident in the
figure. (The coefficient v = 0.60 mJ mol~! deg? for Ga).
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1.6 Quasi-particle Tunneling

Measurements of the properties of the superconducting energy gap were greatly facilitated
by the observation of tunneling in a superconductor. In this section, we explain quasiparticle
tunneling in a superconductor and show how measurement of the I — V' characteristics of
the tunnel junction yields information on the superconducting energy gap. The structure
of a tunnel junction is shown in Fig. 1.10. Classical physics, of course, would say that
no current could pass through the insulating barrier in Fig. 1.10. However, the quantum
mechanical nature of the electrons allows them to tunnel through a thin insulating barrier.

Two types of tunneling can, in fact, occur if the counter-electrode is also a supercon-
ductor. The first is quasiparticle tunneling which was discovered by Giaever in 1960 and is
discussed in this section, and the second type of tunneling is Josephson tunneling discovered
by Josephson in 1962, and discussed in §2.10. Both of these discoveries were made by two
very young men, before either had completed their Ph.D. theses.

In the quasiparticle tunneling experiments, “electrons” tunnel through the insulating
layers of the S/I/S sandwich of Fig. 1.10 until their energy exceeds the gap energy, above
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Figure 1.11: I — V characteristics for (a) quasiparticle tunneling in a tunnel junction for a
S/1/S device (see Fig. 1.10), and (b) Josephson tunneling through a weak link Josephson
tunnel junction.

which the I — V curve follows Ohm’s law (see Fig. 1.11a). In Josephson tunneling (see
Fig. 1.11b), a superconducting current can flow at zero voltage until the current reaches
a critical current I., above which the I — V curve switches to the resistive part of the
tunnel-junction characteristic and again follows Ohm’s law (see §2.10).

Once quasiparticle tunneling was discovered, it became the standard method for mea-
suring the superconducting energy gap and the dependence of the gap on temperature and
magnetic field. The insulator in Fig. 1.10 normally acts as a barrier to the flow of conduc-
tion electrons from one metal to the other. If the barrier is sufficiently thin (less than 10 or
20 A), there is a significant probability that if a voltage is applied across the S/1/S device,
an electron which impinges on the insulating barrier will tunnel from one metal electrode
to the other.

When both metals are normal conductors (M), the current-voltage relation of the M/I/M
sandwich or tunneling junction is ohmic at low voltages, with the current directly propor-
tional to the applied voltage. Giaever (1960) discovered that if one of the metals becomes
superconducting (S), the current-voltage characteristic of the M/I/S sandwich changes from
the linear Ohmic behavior of Fig. 1.12(a) to the curve shown in Fig. 1.12(b). Giaever ex-
plained his observation in terms of the model of the density of states shown in Fig. 1.12(b)
for the superconductor.

Figure 1.12(b) contrasts the electron density of states in the superconductor with that
in the normal metal, shown in Fig. 1.12(a). In the superconductor there is an energy gap
centered at the Fermi level. The electron states that had been in the energy gap range (in
the normal state), now pile up on either side of the energy gap, giving a very high density
of states in the regions adjacent to the energy gap, and shown in Fig. 1.12(b). From the
microscopic theory of superconductivity it is known that quasiparticle tunneling involves

10



- ;&niif ' /

Figure 1.12: The six density of states versus energy diagrams on the left are for 7' = 0K and
the three diagrams on the right are all plots of the current versus voltage for the various
types of metals on the left. (a) This shows two normal metals separated by a thin insulating
film with zero applied voltage and then for V' > 0. (b) The same situation as (a) but now
one of the metals is a superconductor. (¢) Now both of the metals are superconductors with
different gaps. (EF is the Fermi energy.)
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a pair of electrons (see §2.1) rather than a single electron, as in the case of tunneling in a
normal metal.

Since an electron pair is involved, the current in the M/I/S sandwich starts to flow
at T = OK when eV = A where A is half the energy gap (see Fig. 1.12b). At finite
temperatures there is a small current flow even at lower voltages, because of electrons in the
superconductor that are thermally excited across the energy gap. Clearly Fig. 1.12b shows
that quasiparticle tunneling provides a direct method for measuring the superconducting
energy bandgap.

Also of interest is case (c) of Fig. 1.12 for tunneling in a S/I/S junction, where the metals
on either side of the tunnel barrier are superconducting. Near 7' = 0 all the electrons in the
small gap superconductor [Fig. 1.12(c)] are paired and there are few excited electrons. Thus,
it is only when the bias voltage exceeds (A; + Ag)/e that there is a significant density of
electrons to tunnel across the barrier. For bias voltages less than (A1 — Ag)/e, only the low
density of thermally excited electrons from the small gap superconductor can tunnel into
the wide gap superconductor, so that only a small amount of tunneling occurs. In this case,
I increases until V' = (A — Ag)/e is reached where the joint density of states is maximized.
As the voltage is increased from (A; — Ag)/e to (A1 + Ag)/2, the joint density of states
available for tunneling decreases and the tunneling current consequently also decreases. By
increasing the temperature above T, or increasing the magnetic field above H.o, the small
bandgap material will go normal, and case (b) is reached. Thus when two superconductors
are used, it is possible to get information on the bandgaps of both superconductors.

1.7 Isotope Effect

The first clue to the microscopic origin of superconductivity came from studying metals con-
taining different isotopes of a particular elemental superconductor. In these experiments,
the superconducting transition temperature T, was found to decrease with increasing iso-
topic mass according to the relation

M°T, = constant, (1.1)

where o >~ 1/2. The discovery of the isotope effect was totally unexpected and indicated
that superconductivity involved a strong interaction (electron-phonon coupling) between
the electrons and the lattice.

1.8 Thermodynamics of Superconductors

In order to increase our understanding of the temperature dependence of the specific heat of
superconductors and the nature of the normal-superconducting phase transition, we consider
in this section a simple model for the thermodynamics of a metal in the normal state and
in the superconducting state.

The Gibbs free energy per unit volume of a superconductor in a magnetic field can be
written as

G=U-TS-HM (1.2)

where M is the magnetization, S is the entropy and the usual pV term is neglected. We
may verify Eq. 1.2 by observing that the changes in internal energy density in the presence

12



of a magnetic field is given by
dU =TdS + HdM. (1.3)

Then, from Egs. 1.2 and 1.3, we obtain
dG = —=5dT — MdH. (1.4)

Substituting M = —H/4r for a perfect diamagnet (B = 0) and integrating Eq. 1.4, we
obtain the following important relation for the superconducting state at a given temperature

1

Gs(H) = G,(0) + -

H?. (1.5)
From thermodynamic theory we know that for two phases to be in equilibrium (at constant
T, P, H), it is necessary that the Gibbs free energies be equal. Thus, along the critical field
curve where the superconducting and normal states are in equilibrium,

1

G = Go(0) +

H?, (L6)

where GG, is the Gibbs free energy density of the normal state and is essentially independent
of the magnetic field. From Eq. 1.4, we obtain

(29) s 0

so that Eqgs. 1.5 and 1.6 give the important result that in equilibrium

H.dH,
Su= 8= -T2 (1.8)

where S denotes the entropy in the superconducting phase in zero field. Since dH./dT is
always found to be negative, the entropy of the normal state is always greater than that of
the superconducting state.

Finally, the difference in heat capacity per unit volume in the superconducting and
normal states is given by

d TH.d’H. T [dH.1?
AC=Cs = Cp=T—(5s — Sp) = < S ; ) L.
C=0C—C dT(S Sn) A dT?  4x¢ [ dT ] (1.9)
which is shown in Fig. 1.7. At T' = T,, where H. = 0, we thus have
AC = £<dHC)2 (1.10)
CAn\dT )’ ’

We note from Eq. 1.8 that at the critical temperature H. = 0 so that there is no latent
heat of transition (AS = 0), but there is, according to Eq. 1.10, a discontinuity in the heat
capacity. For this reason the phase transition at T'= T, (where H. = 0) is of second order,
but away from T, the phase transition has a latent heat and is a first order phase transition.

13



1.9 Microscopic Description of Superconductivity

From the survey of properties of superconductors outlined in this chapter we see that a
description of superconductivity must embody the following features:

e The superconducting state is a special state of the electrons; i.e., it is more than just
a perfectly conducting state.

e This special state is quantum mechanical in nature.

e An energy gap exists between the ground state and the states for the excited quasi-
particles (electrons).

e The interaction between the electrons and the lattice vibrations is important in the
mechanism of conventional superconductivity.

Some of these facts were recognized as early as the late 1930’s, but it was not until 1957
that Bardeen, Cooper, and Schrieffer (BCS) developed a microscopic theory of supercon-
ductivity and were able to fit all the pieces together. The central result of the BCS theory
is that the energy gap is given by

E, = 2hwp exp< - 2{"}) ~ 3.5kpT, (1.11)
where wp is the Debye phonon frequency, A, is a dimensionless coupling constant that
describes the strength of the electron-phonon interaction, N denotes the density of single
particle states at the Fermi level and V denotes the attractive electron-phonon interaction.
Note that T, and E, are non-analytic in A, which implies that 7. and FE, cannot be
expressed in a power series for small A.,. Therefore, quantum mechanical perturbation
theory, the mainstay of theoretical physics, cannot be used to solve the superconductivity
problem. What BCS did was to open up a new method in theoretical physics. What they
did is exciting, but beyond the scope of this course.

Nevertheless, we will rely on some of the basic BCS results, as will be described in
Chapter 2. First, the special state of nearly 10?3 electrons/cm® can be described by one
quantum mechanical wave function ¥ (7). Second, the electrons are bound in pairs, the
so-called Cooper pairs, which means that electrons with opposite momenta (+p) and (—p)
and opposite spins (T) and (]) are bound by an energy Ay related to the superconducting
band gap. Since all the Cooper pairs are the same, we can also think of ¥(7) as the wave
function for a Cooper pair.

14



Chapter 2

Macroscopic Quantum Description
of Superconductivity

In this chapter, a simple picture of the macroscopic quantum description of superconduc-
tivity is presented. The concept of the Cooper pair of electrons with equal and opposite
vectors and opposite spins is introduced, along with the wave function for all the electrons
in the superconductor. From this macroscopic description of the wavefunction, we derive
an expression for the super-current, the London equations for the electro-dynamics, the
Meissner effect, perfect conductivity, flux quantization, and the Josephson Effect.

2.1 The Cooper Pair

Most of the distinctive properties of superconductivity are explained by the macroscopic
quantum description of superconductivity. The starting point of this description is that all
the superconducting electrons, all 103 of them, can be represented quantum mechanically
by a single wave function W(7). Although the exact form of the wave function comes from the
Bardeen—Cooper—Schrieffer (BCS) theory, most of the physics of superconductivity follows
from the existence of a macroscopic wave function, regardless of the exact form of W(7).

The physical mechanism for superconductivity lies in a pairing of the Fermi particles to
form a Bose gas of paired quasiparticles. The mechanism for this pairing in conventional
superconductors is the electron-phonon coupling.

The physical basis for an attraction between two electrons via the electron-phonon
interaction was pointed out by Frohlich in 1950. Suppose that one electron passes through
the lattice [see Fig. 2.1(a)]. In so doing, it polarizes the positive ion cores and leaves
a lattice distortion in the immediate vicinity of the electron trail. If a second electron
enters this region before the lattice relaxes, its energy will be lowered because the lattice is
already polarized by the first electron. The mechanism shown in Fig. 2.1(a) thus provides
an attractive interaction between the two electrons.

This attractive Frohlich interaction is represented by the diagram in Fig. 2.1(b) showing
an electron of wave vector ki emitting a phonon of wave vector ¢ and being scattered into
a state lg’l where k; = E’l + ¢. Likewise the second electron with wave vector ky absorbs the
phonon so that ko + q= /;:é from which it follows that

E1+E2:E/1+E/QZE (2.1)
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Figure 2.1: (a) A schematic diagram of an
electron polarizing positive ions in its vicinity
to create an attractive potential for a second
electron following in the wake of the first elec-
tron. (b) A schematic diagram of an electron—
electron interaction transmitted by a phonon
of wave vector 7, such that ki + ks = k| + k) .

Figure 2.2: Schematic diagram showing two
shells in l;:;space of radius kr and thickness
Ak corresponding to the two electrons form-
ing a Cooper pair. The cross-hatched section
is a cross section of the ring in which the elec-
trons satisfy the conditions Ak = mwp/(hkF)
and El + Eg = b. The volume of this ring has
a very sharp maximum when the spheres are
concentric and lZl = _EQ.

which shows the conservation of crystal momentum between the initial and final electron
states. The vector b denotes the sum of the crystal momenta of this electron pair. If F
and F’ denote the energy of the first electron before and after scattering, respectively, it
follows that AE; = |E) — E}| < hw, where fiw, is the phonon energy. This argument shows
that the energies involved in this attractive interaction are small, since wy < wp (the Debye
frequency) and (hwp/Er) ~ 1073.

The electron—phonon coupling mechanism for superconductivity explains why the high-
est T, superconductors are usually metals with the highest resistance in the normal state,
since the same mechanism that produces superconductivity (the electron-phonon interac-
tion) also gives rise to carrier scattering in metals in the normal state. The experimental
linking of the superconductivity mechanism with the electron—phonon interaction came
through the observation of the isotope effect (see §1.7) which showed that for the various
mercury isotopes T, o< M ~1/2, where M is the ion mass for each isotope.

Cooper’s seminal contribution to the pairing mechanism was to observe that the energy
change implied by the pairing mechanism

h2
AE = —kpAk ~ hwp (2.2)
m
also implies
mwp
Ak ~ 2.
. (2.3)

and that the maximum number of electron pairs that would obey Eqs. 2.2 and 2.3 occurs
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when b = 0 or when k; = —k5 (as shown in Fig. 2.2). The Cooper pair is then formed by the

electron—phonon interaction between states with wave vectors k and —k and with opposite
spins to maximize the probability that the electrons are close together. The BCS ground
state involves the construction of a many body wave function for pairing all the electrons
in the Fermi sea to form Cooper pairs with equal and opposite wave vectors and opposite
spins. According to BSC theory, the energy of this ensemble of paired states is lowered
by 2A ~ 3.5kpT,, the energy gap observed experimentally (see §1.4 and §1.6 of Part IV).
From Eq. 2.2, we see that 2A < hwp corresponds to an estimate of ~30 K for the upper
limit of 7T, for a superconductor for which the pairing mechanism is the electron-phonon
interaction. Therefore the discovery in 1987 of a high T, superconductor with 7, ~ 100 K
was so surprising.

2.2 Macroscopic Quantum Description of the Supercurrent

Following the discussion in §2.1, the wave function for the superconducting electrons can
be represented by a single-valued complex function ¥(7), having both a real and imaginary
part, and possessing the properties described below. These comments are quite general and
are not dependent on the pairing mechanism. Therefore, if the pairing mechanism for high
T, superconductivity is not through the electron—phonon interaction, many of the properties
of superconductors enumerated here will still be valid.

We now give a summary of the interpretations of the wave function W(7):

1. The squared modulus of ¥(7) is equal to the density n(7) of superconducting Cooper
pairs:

(O (F)* = W (7) P () = n}(7) (2.4)

The asterisk on the wave function signifies complex conjugation, but the asterisk on n}
signifies a convention that n} is the density of Cooper pairs which is half the density
of superconductlng electrons ns. That is 2n} = ng, since two electrons with wave
vectors k and —k are bound in a Cooper pair. The wavefunction U(7) thus denotes
the degree of superconducting order, and is in that sense an order parameter, which
vanishes for T' > T, in the normal state.

2. The superconducting current fs is a generalization of the probability current in quan-

tum mechanics
Jo= o {m*(ﬁ.*—q—z)w[(ﬁ*_q_g)qf] \I/} (2.5)
2m* ) c ) c

where ¢* = —2le| is the charge on the Cooper pair, m* = = 2myg is the mass of the
Cooper pair, and A is the magnetic vector potential, where VxA= B and my is
the free electron mass.

3. The time evolution of the wave function is given by Schrédinger’s Equation

h 0w
—T 5 = HY=EV (2.6)

where F is the energy for the quantum mechanical state.
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2.3 The Quantum Mechanical Current

For completeness, we give here a brief derivation of the quantum mechanical current density
j for a general potential V(7). This current density j was used to write Eq. 2.5. The
derivation relies on the continuity equation

L 4v-j=0 2.7
5 TV (2.7)
where J is the current density, and p(7) = gn(7) denotes the charge density. Then we can
e op 0 9 o o+
p * *
= = qg—(VT*) = U+ v . 2.
ot = U ") = a5 (V) q[( 8t> + ( ot )} (2:8)
Using the time-dependent Schrodinger equation Eq. 2.6 and its complex conjugate, we
obtain
9 _ K )\Il H‘l’—i-\IJ( )H\If*} (2.9)
ot 1\ h h '
and substitution of the Hamiltonian
2 0T o
D . hV - V)
= = 2.1
M= v = (M) Ve (2.10)

into Eq. 2.9 consequently yields
op qhi R T - qﬁz) = SN :| > -
— — UV -VU* | =V || — -V .
1 (2m) <\I' AYARVA'Y \YARY ) \% K%n (T*Vw AVA') -V-j (2.11)

making use of the continuity equation and the fact that since ¥ and ¥U* only differ by a
phase factor, V¥ and VU¥* commute

[VU*, V] = 0. (2.12)

We thus identify the current density with

- h h o
7= {w( v)qf - w(-,v)m*} - 7 [\If*ﬁ\l/ + c.c} (2.13)

2m ) ] 2m
showing that the second term in Eq. 2.13 is the complex conjugate of the first, thereby
guaranteeing that j is a Hermitian operator that will yield real eigenvalues. In the presence
of a magnetic field, we replace p by

P p—tA (2.14)

oI

so that Eq. 2.13 then becomes

j’:(%) {\If (%ﬁ = %/T)\Iur {\If (?ﬁ = %A’) \If} } (2.15)

where again the second term in Eq. 2.15 is the complex conjugate of the first. If we
identify the charge ¢ and the mass m with the effective charge ¢* and the effective mass
m™, respectively, then Eq. 2.15 yields Eq. 2.5 for the superconducting current js.
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2.4 The Supercurrent Equation

In considering the role of the wave function ¥(7) in the superconductivity problem, the
current density given by Eq. 2.15 is a very important and useful equation. Ginzburg and
Landau observed that all the Cooper pairs are in the same two—electron state, and therefore
a single complex wavefunction can denote the order parameter of the superconducting state.
With this interpretation of ¥(7) as a complex order parameter for a Cooper pair, then ¥(7)
can be written in terms of an amplitude and a phase

U () = [U(7)]7 = [n]!/2e "0 (2.16)

where we have not explicitly considered the time dependence of W(7). Here we assume that
the significant spatial variation of the wave function is through the phase 6(7), so that the
density of Cooper pairs is essentially independent of position and time. Putting this form
of ¥(7) into Eq. 2.5 gives:

2 2
jsz(— q fS>A+(q s )vaz{— T X+ T 0| (2.17)
mTc m m=c m
or
s A I
i + V0 (2.18)

I = _Asc q*As

which is the Supercurrent Equation in which

— =1 T (2.19)

From Eq. 2.18 we see that the supercurrent js is driven by two terms. The first term is
strictly a classical term which is proportional to the classical vector potential A. The second
term is a partly quantum mechanical term which is proportional to the gradient of the phase
0(7) of the wave function. Although the second term looks purely quantum mechanical, the
change of phase can also result from a classical field. For example, if Eq. 2.16 is substituted
into the time-dependent Schrodinger equation Eq. 2.6, and if we assume that the amplitude
of the wave function is independent of time (which is equivalent to saying that the density
of Cooper pairs is time independent), we have simply that

00 H
— =——. 2.20
ot h ( )
Therefore, in an applied electrical field, the Hamiltonian is perturbed by the scalar potential
¢(7)
H = Ho + ¢ o(7). (2.21)

From Eq. 2.20, we see that a classical voltage ¢*¢(7) causes the quantum mechanical phase
of the wavefunction 6(7) to change with time.
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2.5 The London Equations

We now derive the two London equations which describe the electrodynamics of supercon-
ductors from the supercurrent equation (Eq. 2.18). The first London equation relates to
the perfect conductivity of superconductors, while the second London equation follows from
the perfect diamagnetism condition, or the Meissner effect.

1. Perfect Conductivity - First London Equation
By assuming that the density of Cooper pairs n} is independent of time, then differ-
entiation of Eq. 2.18 yields

d7s 1\OA [/ h \=00

= - — —. 2.22
ot <cAs) at'*<q*As>‘7at (2.22)
We can write (06/0t) in terms of the Hamiltonian from Eq. 2.20 and in the presence
of an applied electric field as

00
no = (Hm+f¢@ﬂ. (2.23)
Assuming that Hj is independent of position, Eq. 2.22 becomes
8;5 -1 (8/1 ) 1 -
— =—A — E 2.24
2 A (Ve , (2:24)

which states that current flows under the influence of an electric field without any
damping, mv = eE. This equation relates to the perfect conductivity of supercon-
ductors and is known as the first London equation. This equation is usually written

as

- a.;s
E=As ot

(2.25)
where Ay = m*/(q**n}).

2. Perfect Diamagnetism - Second London Equation
By taking the curl of Eq. 2.18, the supercurrent equation, we obtain the second London
equation

V xj,=——B (2.26)

Age
where we note that V x V8 = 0 because the curl of a gradient vanishes. Using
Maxwell’s equation V x H = (47 /c)7, neglecting the displacement current, and noting
that B = iH, we obtain

= o _ i\ =
B=— B. 2.27
¥ x ¥ x (&m) (2.27)
Since
VxVxB=V(V-B)-V?B (2.28)

and since V- B = 0, we further obtain

1 -
V2B::X2B (2.29)
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where A is the superconducting penetration depth and from Egs. 2.27 and 2.29 we

obtain: ” ”»
As 2 * .2
As =<—CA> =<7wf ¢ > . (2.30)
AT AmpgEnt

The penetration depth A, has a magnitude Ay ~ 1000 A, which is obtained by assuming
that there are ns ~ 1023 electrons/cm?® and using Eq. 2.19 to yield Ay ~ 10731 /sec?.
The second London equation thus implies an exponential spatial decay of the B field
in the superconductor with a functional dependence

B(z) = B(0) exp(—z/\s). (2.31)

Equation 2.31 is the physical manifestation of the Meissner effect, which states that
the B field is excluded from the interior of a superconductor. The exponential decay
of the B field in a superconductor, also leads to the decay of the current density js
in the same superconducting penetration depth. This result is obtained by taking the
curl of the second London equation (Eq. 2.26) which gives

.- o 1
VXV Xjs=

L. N - 0 /AT -
VXB:MVXH:'LL(W)]'S. (2.32)

From the continuity equation we can write v ] = 0 for the steady state condition,
and we thus obtain a differential equation for j,

27 ﬂ a7 - 1)—3
~V% =~ —Js=—( 5 )7s 2.
V<j (Asc)c] ()\g J (2.33)

Thus we see that the second London equation in the steady state leads to an expo-
nential decay of both the B field and the supercurrent js as we move away from the
surface into the superconductor. This rapid exponential decay of B, js and also H
(since B = uH)

B(z) = B(0)e™*/*s (2.34)
H(z) = H(0)e /s, (2.35)
s(2) = js(0)e /s (2.36)

clarifies the Meissner effect regarding the exclusion of flux in a superconductor.

2.6 The Two-Fluid Model

The London equations are appropriate at 7" = 0 where all the electrons are in Cooper pairs.
To describe the electrodynamics at a finite temperature, a two-fluid model is introduced.
According to this model the total current density in a superconductor is considered to be
a superposition of the contributions to the current from the superconducting electron pairs
and from the normal electrons, which are identified with quasi-electrons that are excited
above the superconducting energy gap by breaking Cooper pairs. We then write:

J=Jn+t17s (237)
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as the superposition of a normal (resistive) current given by
jn=0E (2.38)

and a superconducting current j;. Then from Maxwell’s equations, we can write

(g)ﬁ x B =4r(cE + Js) + €¢E, (2.39)
fu

in which we have also included the displacement current D = ¢E. We can thus write

(2)6 ¥V x B = —(5)625 (o X B4V xj)+ eV x B, (240)
Jz f

or, using Eq. 2.26 for V x j’s, we obtain

1 . 4mo 5 4T = B'
~V?’B=-B B+ e—. 2.41
i c? + Agc? + ‘2 (241)
If we seek a plane wave solution
B ~ exp[—i(wt — k - 7)], (2.42)
then Eq. 2.41 gives
k%c? 47
— = " drowi + ew?. 2.43
p A (2.43)

The successive terms on the right hand side of Eq. 2.43 represent the effects of the super-
conducting penetration depth, the ordinary eddy current skin depth, and the displacement
current. Equation 2.43 determines the propagation characteristics at finite temperature of
a superconductor in an electromagnetic field.

In the limit of low frequencies,

1
(AT 3
:z(A 02> , (2.44)

which represents the exponential decay of the B field discussed in §2.5, where the super-
conducting penetration depth A is given by

2\ 1 2 L
As :(AScA )2 :( me A>2, (2.45)
A7l 4mne?|i
and ) is one of the important length scales in a superconductor. Here m, n and e refer to
single electron states, utilizing the relation between the characteristics of Cooper pairs and
the single electron states (see Eq. 2.19).

We recall that for a normal conductor in a time-varying ac magnetic field, that the
magnetic field is confined to a skin depth near the surface of thickness §,, = c(27r/lwa)*1/ 2,
In the radio frequency range, d,, > \q, so that the superconducting decay length dominates
the spatial variations of the magnetic field. In the millimeter wave range 6, and Ag can
be of comparable magnitudes, but then for most conventional superconductors the electro-
magnetic frequency would exceed the superconducting band gap, and would serve to break
the Cooper pairs and give rise to behavior similar to that observed in a normal metal.
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2.7 Flux Quantization

Besides perfect conductivity and perfect diamagnetism (Meissner effect), quantization of
the magnetic flux is characteristic of superconductivity. Flux quantization follows directly
from Eq. 2.18, the supercurrent equation, and from the interpretation of the wave function,
as discussed below. Rearranging Eq. 2.18, we have

. A - £\ L
W (W)g#(%)A. (2.46)

Integrating Eq. 2.46 around a closed contour yields the phase difference around the contour
o A . q* o

Vo -ds=q"— -dsS+=— ¢ A-ds. 2.47

]é §=q'~ ]éc Js A8+ - j{ 5 (2.47)

Now, the first term on the left of Eq. 2.47 can be integrated directly to yield a phase
difference

f (VO) - ds = 0y — 0, (2.48)

where 03 —6; is the phase difference of the wave function in going around a closed loop. Our

interpretation of the complex wave function, |¥(7)|e?, where |¥(7)|? equals the density of

Cooper pairs, |¥(7)|? = n¥, demands only that the modulus be a single-valued function. The

phase can in general be multi-valued as long as the function ¥(7) is invariant under rotation

by 27 or in other words ¢(®1=%2) = 1. From this argument it follows that 8, — s = +2n.
The last term in Eq. 2.47 becomes, after using Stokes’ theorem,

j{g.dg:/wx *>.d§:/§.d§:q> (2.49)

where ® is the flux enclosed by the contour and S is the area defined by the contour. Hence,
Eq. 2.47 becomes

q*As j{-f o q*
+2mn = -d§+ —P 2.50

h st + hC ( )
where n is an integer. If the path of the line integral for the supercurrent is chosen to be
deep inside the superconducting material, so that j; = 0, then

|®| = h—f?wn = h—fn (2.51)
q q

which gives the quantization of flux in units of (hc/q*) = Py, if the supercurrent flows
around the path of the superconductor. For |¢*| = |2¢| we thus obtain a magnitude for the
flux quantum ®¢ = ch/2e = 2.07 x 10~ "gausscm? = 2.07 x 10~ Pteslam?. As an example
of flux quantization, consider the metallic torus (see Fig. 1.2) which is cooled in a magnetic
field to a temperature below T,. If the magnetic field is then removed, flux will be trapped.
Suppose that a is the radius of the cross section of the torus. Then if a > g, then all the
currents decay exponentially from the surface of the torus. By considering a contour many
penetration depths from the surface, the current density js can be made negligibly small.
Hence, the quantization condition of Eq. 2.51 states that the flux ® passing through the
torus is quantized in units of @y or that ® = nd,.
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Figure 2.3: Triangular lattice of flux lines
through the top surface of a supercon-
ducting cylinder as observed in an elec-
tron microscope. The points where the
flux lines exit the surface are decorated
with fine ferromagnetic particles.

2.8 The Vortex Phase and Trapped Flux

Physically, the lower critical field H.; (see Fig. 1.6) denotes an applied magnetic field large
enough to create one fluxoid in the area of flux penetration (estimated as w\2)

TA2aH. = B (2.52)

where g is the superconducting penetration depth. Thus, H.; measures the initiation of
flux penetration into a type II superconductor.

In the vortex state of a type-1I superconductor, the vortices form a regular lattice (see
Fig. 2.3). This can be understood physically if we recognize that two vortices of the same
sign repel one another which maximizes their distance apart, while requiring a fixed number
density to account for the specified flux penetration. There are many examples in physics
of ordering caused by similar competing processes. For simplicity, we consider the vortex
lattice to be a square array, although the results given below are independent of the type of
regular array (i.e., whether it is triangular or square). Consider an infinite slab of a vortex
array (such as in Fig. 2.3) with the field perpendicular to the top surface. Suppose that the
vortices are a distance 2a apart and have a non—superconducting (normal) core of radius &
which is surrounded by superconducting material.

Consider the contour ¢ for the line integral in Eq. 2.50 drawn along the perpendicular
bisectors between one vortex and its nearest neighbor vortices. If flux goes through each
vortex, there must be a circulating current around each vortex. By symmetry, the circulating
currents are identically zero along a contour drawn along the bisectors of the distance
between the vortices. (A similar contour with j; = 0 can be found for any regular array).
Hence, the quantization condition (Eq. 2.51) requires the flux within the contour to be an
integral number of flux quanta n®y. The same condition holds for each vortex, so that
for a triangular lattice n®y = [H,(3v/3/2)a?, where H, is the applied magnetic field.
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Experimentally, n = 1 for type II superconductors at the closest packing of the vortices.
Hence, H.o = ®o/[162(3v/3/2)] for the closest packing of the vortices, which we explain
as follows. As the applied field is increased above H.i, the spacing 2a between vortices
becomes smaller and smaller. The spacing can only get as small as some minimal distance
a = &5, when the cores on adjacent vortices begin to overlap and the material becomes
normal. This minimal distance &; is called the superconducting coherence distance, and is
an important length scale in a superconductor. The externally applied field corresponding
to a = &, is called the “upper critical field” H.o, so that He.o = ®q/(23v/3£2/2).

Since the magnetic field will be uniform within the core, the field, and hence also the
currents, will fall off exponentially from the edge of the core as long as a > A\s;. For most
type-II superconductors A > &, so that most of the flux is contained in an area A2 around
the core, and a very small fraction of the flux (¢£2/A2)®q < ® is in the core itself. Therefore,
by considering a contour very near the edge of the core, the quantization condition gives

4 AAZ - . 2
By — m; 5 7{]5 - d5+ %@0 (2.53)
S

and neglecting the term in (£2/22)®q we can write

By — 42

7{ 7, ds (2.54)
That is, near the core it is the line integral of the current which is quantized in integral
numbers of flux units. The circulating current near the core is in the iy circumferential
direction. Carrying out the line integral in Eq. 2.54 thus yields

c

4 iN2
By = THAs ;o (2.55)
C
or & 1
o= 0 (2.56)

2(2m)2N2 1
Thus for a vortex we see that the current density decreases as 1/r, which is also true for a
hydrodynamic vortex (e.g., water flowing down a drain). By noting that

Js =nlq" T, (2.57)
and writing
4 N2 m*
=A, = —— 2.58
c2 s n:q*Q ( )
we have,
2 * %2
. . c“h/(2e) 1 hnig™) 1
= = Z = - 2.59
Js = M54 Vs 22 (m* niq*?) r m* r ( )
or . 1
= — 2.60
Us m*r ( )
yielding the quantization condition
-~ h
/175 = (2.61)
m



Furthermore, the velocity cannot be made arbitrarily large, because the minimumsize
of r is the superconducting coherence distance r > £, the coherence distance, thus yielding

h 1

o (2.62)

Umaz =
The circulating currents acquire an additional kinetic energy in circulating around the
vortices. However, if this additional kinetic energy exceeds Ay, where 2Ag is the gap
energy, the Cooper pairs will unbind. That is why the core region of a vortex cannot be
superconducting but must be normal! To estimate the core size, note that

1
Ay = 5<2m*v2) = m*vdv. (2.63)
Since the electrons forming the Cooper pairs are at the Fermi surface, we can write v = vp

and dv = vg, where vg is the velocity of the Cooper pair. Therefore, using Eq. 2.62 and
writing dvs as the maximum vortex velocity we obtain:

N h 1
Ag=m UF(m* 5—8) (2.64)
so that "
VF
§s = Ay (2.65)

From the BCS theory of superconductivity, £, for a clean material with very little scattering
is given by
L
7TAO
where &y is called the “BCS coherence length”, and is the length over which Cooper
pairs are correlated in the absence of any scattering.

(2.66)

2.9 Summary of Length Scales

We list in Table 2.1 some of the characteristic lengths found in superconductors. In §2.5,
we discussed the superconducting penetration depth A

2\ 1/2
moc
As = 2.67

(47m,&62> (2.67)

which governs the penetration of magnetic fields and supercurrents in the superconducting
state (see Egs. 2.34 — 2.36). In most cases, the superconducting penetration depth is much
smaller than the penetration depth for metals in the normal state J,,

c

Oop = "—"75. 2.68

" (2mfuwo) /2 (2:68)

Important parameters for type II superconductors are the intrinsic superconducting coher-
ence length &y which by the BCS theory is written as

. th

= 2.
A (2.69)

o
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Table 2.1: Some characteristic length scales for superconducting materials. The supercon-
ductors with x = X?/&; > 1/4/2 = 0.71 are type II. Here \? and &, are the superconducting
penetration depth and coherence length in the clean limit.

Material MNA)  &A) N
Sn 3400 23,000 0.16
Al 1,600 160,000 0.01
Pb 3700 8300  0.45
Cd 11,000 76,000  0.14
Nb 3,900 3,800 1.02
YBaQCu307_$ H 170 3.0 56

YBasCusO7_, L | 6,400 16.4 390

and the coherence length & in real superconducting materials (in the dirty limit) is given
by
& = (€obn)"? (2.70)

where /,, is the mean free path for the carriers in the normal state, and is temperature
dependent. Likewise, the superconducting penetration depth Ay in dirty superconductors

(i.e., £, < &) is given by
&\1/?
s = Ag(g—) (2.71)

where \! is the superconducting penetration depth (see Table 2.1) for large £,, (e.g., £, > &o).
From Eqgs. 2.70 and 2.71, we then conclude that

As AU

— == 2.72
& 1, (2.72)
The parameter £ defined by Eq. 2.72 is used to distinguish type I superconductors (k <
1/v/2) from type II superconductors (x > 1/+/2), and typical values of s for some super-
conductors are given in Table 2.1. Thus the decrease in £,, favors type Il superconductivity
(see Fig. 2.4), but in the limit of small ¢,, we have & < §» with a relatively low &;. One
major contrast between conventional superconductors and high 7, superconductors is the
relatively high s values for the high 7T, superconductors.

K

2.10 Weakly-Coupled Superconductors — The Josephson Ef-
fect

Suppose that a thin nominally non-superconducting region connects two superconductors
(see Fig. 2.5). Then the wavefunctions of the Cooper pairs in the two superconductors
can overlap and produce a coupling between them. Put another way, we can say that the
two regions of strong superconductivity are now connected by a region of weak supercon-
ductivity or by a weak link. It also seems plausible that the detailed properties of the
non-superconducting region won’t matter too much other than to establish the thickness
required to get appreciable coupling between the superconductors.
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Figure 2.4: Penetration depth A; and the
coherence length ¢ as functions of the
mean free path £, of the conduction elec-
trons in the normal state. All lengths
are in units of &y, the intrinsic coher-
ence length. The curves are sketched for
& = 10\2, where \? is the supercon-
ducting penetration depth for large £,.
For short mean free paths the coherence
length becomes shorter and the penetra-
tion depth becomes longer. A decrease in
¢, favors type Il superconductivity.

Figure 2.5: Schematic diagram for (a)
a Josephson junction. (b) and (c) are
schematic diagrams for various kinds of
weak links. All of these cases exhibit the
Josephson effect.

0.1
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Assume that at the two boundaries of the weak link region we set the wave functions
across the boundaries equal to one another (see Fig. 2.5). Then, if we make the reasonable
assumption that in general ¥(7) decays exponentially from the edges, we have to a first
approximation (valid if ¢,, > {x, where £y is the characteristic decay length of the Cooper
pair wave function in the junction region and /,, is the length of the weak link). Thus we
write for the wave function in the weak link (normal state)

Un(z) = [Wn]e /N 4 |W oo™ (bw2)/En giA0 (2.73)

where the factor ¢*2? accounts for the very important fact that the phase of the wave

function for the Cooper pair on the two sides of the weak link will not in general be the
same.
More generally, we could assume that Uy (x) is governed by the equation

2 d2‘I’N($)
N2y

3 = Un() (2.74)

subject to the boundary conditions ¥y (0) = Uy and U () = Uuo. In this case ¥y (x)
can be written in the form

Un(z) = fi(z) + follw — z)e™> (2.75)

where f1(z) and fa(z) are governed by an equation of the form

d*f
2 _
‘fNW =f (2.76)
with the boundary conditions
f1.2(0) = [W N1 Nol- (2.77)

Neglecting the presence of magnetic fields for the moment, the current through the
junction can be calculated using Eq. 2.13, and we obtain the result

- qh (= SR, q'h e
Js =5 (\If VU — VU ) = Im(T*V) (2.78)
and using Eq. 2.73 for ¥ we obtain
. 2q*h .
Js = Z |W 1| N2 sin A (2.79)
m*E{N
which we write as
Js = josin A6 (2.80)
where .
jo = ngN (W N1 |[W 2| (2.81)

and A# is the phase difference of the superconducting wave function across the weak link.

Equation 2.80 states that dc tunneling of Cooper pairs can occur when the current
density is less than the maximum value jy. For current density values above jg, some of the
current must be carried by normal electrons, and there must by a voltage drop across the
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Figure 2.6: Current-voltage characteris-
tics of a Josephson junction. Dc cur- ’
rents flow under zero applied voltage up ’
to a critical current i. (or critical cur- K
rent density jp); this is the dc Joseph- * . Voltage
son effect. At voltages above V, the junc- ’ Ve

tion has a finite resistance. Below V. the Y
current has an oscillatory component of ’
frequency wy = 2eV/h: this is the ac 4
Josephson effect.

junction. We thus interpret jg as the maximum current that can pass through a Josephson
junction before driving it normal (see Fig. 2.6).

We thus obtain the remarkable result that the current is a sinusoidal function of the
phase difference across the superconductor. Such behavior is known as the dc Josephson
effect. Although Josephson first predicted this result from the point of view of tunneling
through an oxide barrier between two superconductors, it is a quite general property of
weakly coupled superconductors as our discussion above suggests. Josephson recognized
this fact also and was one for the first to emphasize the generality of the Josephson effect.
For his extremely important discovery, Josephson was awarded the Nobel Prize in 1973.

Referring to Eqgs. 2.20 and 2.21 we see that the time derivative of the phase difference
across a Josephson junction is given by

0 2eV
0y —01) = ——— 2.82
(0= b)) =~ (2:82)
so that -~
0y — 0, = —%t (2.83)
which states that the current in Eq. 2.80 oscillates with a frequency
2
wy = %V (2.84)

This time dependent oscillation is known as the ac Josephson effect. A dc voltage of 1
wV across the Josephson junction produces a phase oscillation frequency wy of 483.6 MHz.
Equation 2.84 implies that when a Cooper pair crosses the weak link junction a photon of
frequency wy is emitted or absorbed.
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2.11 Effect of Magnetic Fields on Josephson Junctions — Su-
perconducting Quantum Interference

The fact that the current through a Josephson junction depends on the quantum phase
difference across the junction gives rise to quantum interference effects in circuits containing
these junctions. Moreover, from the supercurrent equation (Eq. 2.18) we see that the
phase differences introduced by the Josephson junction will be sensitive to the presence
of magnetic fields. These quantum interference effects are a spectacular demonstration of
the quantum nature of superconductivity. The Josephson effect is also important from a
practical point of view, because of the great sensitivity of circuits containing Josephson
junctions to magnetic fields, making possible very sensitive magnetometers using these
quantum interference effects. These devices are called SQUID’s (superconducting quantum
interference devices). At the same time the magnetic field provides a way of altering the
electrical characteristics of single Josephson junctions, thereby providing a way to convert
these junctions into three-terminal devices. As is well known, three-terminal devices are
much more versatile than two-terminal devices in electronic circuitry.

2.12 Quantum Interference Between Two Junctions

Consider a parallel-connected superconducting circuit in which each arm of the circuit
contains a Josephson junction denoted as an insulator in Fig. 2.7. Assume for the moment
that the junction behaves uniformly so that the phase change across the junction is the same
over the entire junction. The total current flowing through the two junctions connected in
parallel is then written as

I =11+ Iy = Ip; sin A6y + Ioo sin Aby (285)

where Ig; and Ipe are the current amplitudes through the individual junctions, while A6
and A#, are the phase differences across each of the junctions.

Clearly, the total current I that can be passed through the two junctions depends
on Af; — Afy;. When Af; = Abs, the currents in the individual arms add, but when
A0y — Ay = 7, they cancel. In a quantum interference device a magnetic field is used to
vary the flux through the current loop, as shown in Fig. 2.7, so that the phase difference
Afy — Ay can be varied by any desired amount of flux ® enclosed within the circuit. This
magnetic flux can be found by taking the line integral of the supercurrent equation (Eq. 2.18)
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and imposing the requirement that the wavefunction be single valued after completing a 27
excursion around the circuit.
More explicitly, from the single valuedness requirement, we have

fﬁe - dl = 27 n. (2.86)

Then using the relation Eq. 2.18 we obtain an expression for the gradient of the phase of
the superconducting wave function in a magnetic field

o m*\ _ q* N
Vo =(— — ]A 2.87
(5 )a+() (287)
in the bulk superconductors connecting the junctions. Then applying Eq. 2.87 to 2.86 and
noting the direction of current flow we obtain

(A91 - A@) + Z—h ffx‘. dl = 2mn (2.88)

where we have taken the contour ¢ in Eq. 2.86 deep enough in the superconductor so that
vs = 0 along ¢ (except of course in the junctions themselves). We thus obtain

AOy — AbGy + 271'2 =21 (2.89)
P

where we have expressed the magnetic flux within the current loop in units of the flux
quantum ®y = ch/2e.

Equation 2.89 shows that the phase difference Af; — Afy between the two junctions
is solely determined by the flux enclosed within the circuit. The flux ® depends on both
the applied field present and also upon any fields produced by the currents circulating in
the circuit itself. Since the maximum possible circulating current around the circuit is I,
the flux produced by I will be negligible (i.e., there will be no self-shielding) if IyL < Py,
where L is the loop inductance on the circuit. In the case where the loop inductance can
be neglected, we have the result ® = ®,, where &, is the applied flux.

Suppose that the two Josephson junctions in Fig. 2.7 are identical and have a phase
difference A8 = A, = A5 in zero magnetic field. In a magnetic field the phase difference
across each Josephson junction then becomes A6 —|—7rc}% and Afs —W(I;%. Then using Eq. 2.80
for the Josephson current and assuming the two junctions in Fig. 2.7 to be identical, we
obtain

I= In sin(A@ + g) + s Sin(A@ — %)

= I [(sin Af cosm® /Py + sin TP/ D cos A9>+<sin Al cosT® /Py — sin TP/ Dy cos AQ)]

= 2[ysin Afcosm® /D
(2.90)
where Iy = Ipy = Ipo and A8 = A = Af,. Equation 2.90 shows that the parallel
combination of junctions in a magnetic field acts very much like a single junction in zero
field that is now modulated by the magnetic flux passing through the current loop. Thus

Eq. 2.90 has a periodicity shown in Fig. 2.8 with maxima occurring whenever
ed
— = 2.91
o = ST (2.91)
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Figure 2.8: Josephson interference from two parallel junctions such as in Fig. 2.7. Josephson
interference is mathematically identical to a two-slit interferogram.

where s is an integer. The resulting interference pattern is shown in Fig. 2.8. The short
period variation is produced by the interference condition between the two junctions as
predicted by Eq. 2.91, and the longer period variation is a diffraction effect arising from the
finite dimensions of each junction.

The interference pattern in Fig. 2.8 is formally analogous to a two-slit interference pat-
tern in physical optics. In the case of the SQUID device the “phase difference” is determined
by the flux enclosed in the ring. Since a very small amount of flux can be detected in this
way (a small fraction of the unit of quantum flux ®y = 2.07 x 10~ "gauss cm?), SQUID’s
can be used as very sensitive magnetometers. Large arrays of Josephson junctions have also
been used to model 2D phase transitions in magnetic systems, and SQUID magnetometers
have become the standard equipment for magnetic susceptibility measurements.
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Chapter 3

Microscopic Quantum Description
of Superconductivity

3.1 Bardeen-Cooper-Schrieffer (BCS) Theory

3.1.1 The Cooper Instability
References:

e L. N. Cooper, “Bound Electron Pairs in a Degenerate Fermi Gas,” Phys. Rev. 104,
1189 (1956).

e J. Bardeen, L. N. Cooper, and J. R. Schrieffer, “Theory of Superconductivity,” Phys.
Rev. 108, 1175 (1957).

e T. van Duzer and C.W. Turner, Principles of Superconductive Devices and Clircuits,
Elsevier, NY (1981).

Cooper’s 1956 paper demonstrated that the energy of a Fermi system can be lowered
by the formation of weakly bound electron pairs at T = 0 for any attractive interaction,
no matter how small. This landmark paper paved the way for the full-blown BCS theory,
which was published shortly afterward. Here we will show the derivation of the famous BCS
formula for T, as given in Cooper’s paper, which contains many of the important ideas of
the BCS paper.

Let us therefore follow Cooper’s derivation. Consider an arbitrarily weak interaction
between electrons, Hy. If the interaction is small, then there is a minimum energy €, =
(h%q2;,)/2m below which its effect will be so small that it can approximately be ignored.
Likewise there should also be a maximum energy, emax = (h%¢2,,)/2m. Since we know
that in real superconductors the electron—electron interaction is phonon—mediated, we can
assume that the minimum energy for which the perturbation H; is non—negligible is about
(Er — hwp ), and the maximum energy is about (Fr + hwp) where wp is the Debye
frequency, so that €pax — €min = 2hwp.

For the wavefunctions of the assumed electron pairs, we can take the simplest possible
form,

L. 1 ooz
P(k1, kos 71, T2) = Vel(kl'”Jer'm) (3.1)
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where the spins of the two electrons in question must be antiparallel, so that their overall
wavefunction will be antisymmetric under interchange of their coordinates, as is required
for Fermions. If we now let B

R=1L1(" + ),

7= (T2 — 71),
(3.2)
f? = (El + EQ), and
k= (kg — /ﬁ)
in order to change to center of mass coordinates, then
R, 1 . pa.7
Pk, ko 71, 7o) = Ve“K'R“M, (3.3)
and the energy becomes
h? h? K?
E = (ki + k) = (- +k) = ex + & (3.4)
We can equally well write the Cooper pair wave function as
. 1 .,z o
V(R 7)) = v ) Z ag kT (3.5)

where the coefficients a; must be chosen so that ﬁ]; Wg(ﬁ,f) = ZE\IIX(R',F') (So far all
we have done is notational, in order to make what follows plausible.) If we now substitute
the wavefunction of Eq. (3.5) into the Schrodinger equation, with the energy defined in Eq.
(3.4), we get
h? |
=092 V) + v = BuR(ED) (3.6)

m

-

If we take the dot product of Eq. (3.6) with ( e+ +K-R) ) | and perform the integrations
over R and 7, we get for the kinetic energy term

AR BB n? - 1= S ag
(e kTR —E(Vf + VR | U (B7) = (exr +ew) T (3.7)
and the perturbation term becomes
o S(E - R o g
<67Z(k + K R) ‘ H, ’ \IJK/( 77:‘)> _ ( = ) Z ag, |: / d3r671k-r H,y ezk -7 (38)

i

Therefore, if we use the notation | E) for a plane wave, the Schrodinger equation may be
written as

gmax

(E —ex —ex)ap = 6(K — K') > ap (k| Hi| &) (3.9)

K’ > Gmin
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Since the perturbation H; couples only electrons with k& and &’ in a small shell around
the Fermi surface, Cooper made the approximation that

. . —’V|, Gmin S k7 k/ S Gmax
(K'|Hilk) =~ (3.10)
0, otherwise

With this approximation, the Schrodinger equation reduces to

mid

ay = ———— Y ag 3.11
k (E —ex —€x) ZE’: k (3-11)
as long as K = K’. Since from normalization we must have

> ap = C, (3.12)
R

Eq. (3.11) becomes

C 20 [max dk
arp = C = —|V —:—V—/ ——  (3.13
z];;:k | ’%:(E—wc—fk) | ‘(277)3 gmin (B — €K =€) (3.13)
We can change the variable of integration to energy:
€max d N E

€min (E — €K — Ek)

and using the fact that the range of the limits of integration is small, we can take the density
of states at the Fermi energy N(E) ~ N(K, Er).
If we then integrate the above equation, and make use of

J[dx/z=Inz and

(3.14)
Inz — Iny=In(z/y)
we find . 5
— €K — €max
— - | = . 1
eXp[N(K, EF)W} E — cx — i (3.15)
Then, by simplifying Eq. (3.15), we get for the energy of the pair
2h.
E = ex + €min — “D (316)

1
Py ~ L
There are several interesting points to be made about Eq. (3.16), as Cooper himself pointed
out. The first is that the energy of the electron pair is lower than that of the individual
electrons, and the energy of the pair is lowest if e€x, the center-of-mass energy, is zero. A
zero center of mass energy implies that the electrons have both opposite spin and momenta
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(see Fig. 2.2); such a state has henceforth been known as a Cooper pair. The energy of such
a pair is lower than that of the individual electrons by an amount A defined by

2hwp

A =
expl ) —

~ 2hwp exp {N(%l)‘ﬂ] (3.17)

where we have neglected the 1 since in the exponential term the product N(Er)V is small.
If A =~ 2kpT,, then we recover the famous BCS equation for T.,.

What has been presented above is the substance of Cooper’s original paper, from which
many of the important ideas, if not the details, of the BCS theory can be extracted. The
BCS paper makes many useful predictions, and continues today to be widely read because
of its great physical content. However, the theory is of limited utility as far as calculation of
the properties of actual materials goes, and has been largely supplanted by modern Green’s
functions methods for first principles calculations. For understanding of the properties of
superconducting systems with complex geometries, like layered materials, the phenomeno-
logical Ginzburg-Landau theory of superconductivity (see Chapter 2) has proven to be very
useful.

3.1.2 Ground State From Cooper Pairs

The preceding section gave a description of a Cooper pair for two electrons in a Fermi sea.
BCS took the essential step in providing a full microscopic description of the supercon-
ducting state by constructing a ground state wave function in which all the electrons form
bound pairs. The BCS approximation to the electronic ground state wave function can be
described as follows: group the N conduction electrons into N/2 Cooper pairs described by
the wave function ¢(7s,s’), where 7 is the electronic position and s is the spin quantum
number. Then consider the N-electron wave function as a product of N/2 identical Cooper

pair wave functions

Un(7181, ..., TNSN) = O(T181,7282) - - - O(TN-1SN—1,TNSN)- (3.18)

Though this state describes a state in which all electrons are bound, in pairs, into identical
two electron states, it lacks the symmetry required by the Pauli principle:

Upes = AV N (3.19)

where A is the antisymmetrization operator.

3.1.3 Hamiltonian for the Superconducting Ground State

In this section and the next we shall introduce the theory of the superconducting ground
state, which is a part of the microscopic theory of superconductivity published by Bardeen,
Cooper, and Schrieffer in 1957. The method of finding the ground state involves

1. devising a Hamiltonian operator, which we do in this section,

2. using an assumed ground-state wave function to find an expression for the energy, and
finally

3. minimizing the energy to find the coefficients in the ground-state wave function.
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The latter two parts are done in the following section.

The BCS theory is presented in the formalism of second quantization involving creation
and annihilation operators. For a systematic introduction to operator algebra, consult a
quantum mechanics text.

The equations are written in terms of the creation and annihilation operators introduced
earlier for single electrons and now extended to electron pairs. The creation operator CET

places an electron in state k with spin up, so that if c;% \ operates on the “vacuum” state, in

which all k states are empty, it produces a new state with one spin-up electron in state k:

¢ 10) = |1z,) (3.20)

Likewise, the annihilation operator Cpy causes the elimination of an electron in state k with
spin T:
CET‘1ET> =10). (3.21)
These operators are used to formulate the Hamiltonian. It is only necessary to consider
the differences from the normal ground state, which are referred to as reduced energies.
Each electron-phonon-electron interaction of the type shown in Fig. 2.2 and discussed in
§3.1.1 contributes to the potential energy of the superconducting state relative to the ground
state. As in the Cooper model, we restrict consideration to paired states k T, —k |. The
pair transition can be represented by the product of creation and annihilation operators,
Gt Co i a1 SRR (3.22)
If this operator operates on the ground state, it first removes the electrons from k and —k
states and then places them in k4 ¢ and —k — ¢ with their spin unaffected. Taking the sum

of all such scattering events, one obtains the potential energy relative to the normal state,
which we call the reduced potential energy:

red = Z k,CkJrﬂT C_I-g’lCET (3.23)

where K = k + ¢. It can be shown that this gives a lowering of the energy for the super-
conducting state and this lowering of the energy becomes more pronounced as the number
of scattering events increases, thus adding justification for using k —k pairs.

Since the BCS theory involves only pairs of a certain kind (i.e., k 1 and —k 1), single-
electron operators are replaced by pair operators

by, = czTc*_El (3.24)
and
bE = C—EickT (325)

Since these pairs consist of a spin T and a spin | electron, it might be expected that the
pairs would behave like bosons. However, this is not strictly the case because the Pauli
principle applies: no k T, —k | state may be occupied by more than one pair at a time.
It does turn out that the pair behavior is close enough to that of a boson so that boson
electrodynamics gives a very good representation of the actual behavior of superconductors.
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Using Eqgs. 3.24 and 3.25, the reduced potential energy in Eq. 3.23 may be rewritten as

T‘ed Z ka/b b (326)
kK’

The kinetic energy can be written as the sum of the pair energies in each of the occupied
pair states. The corresponding Hamiltonian thus must contain the number operator 7
which has the property

which states that the eigenstate of nij is the state having the wave number k and occupancy
n, and the eigenvalue of 7 is the occupancy. The number operator in the case of pairs is
bi:bz. Then the pair kinetic energy relative to the Fermi energy is

Hixp =2 epbiby (3.28)
F

where € = (h2k%/2m) — Ep is a single particle energy representing the kinetic energy of
a Bloch state measured relative to the Fermi level. To express the energy in reduced form
(i.e., the kinetic energy relative to the normal ground state), we subtract

2> € (3.29)

k<kp

from the kinetic energy given by Eq. 3.28 and the factor of 2 arises because ¢;: denotes the
single particle energy for each of the electrons in the pair. This can be done by using the
pair commutation relations:

[bE7 b%/] = [1 — Ny — 1N

pr— g ] O (3.30)

and the anti-commutator

where the square bracket denotes the commutator [z,y] = zy — yz and the curly bracket
denotes the anti-commutator {x,y} = zy + yx. Performing this operation on Eq. 3.28 and
adding to Eq. 3.26, we get the total reduced Hamiltonian:

Hrea =2 Y |eglbpbi+2 > epbiby +Zka,b bz (3.32)
k<kp k>kp

When operating on the ground state |0) only the operator b% can yield a non-vanishing result
and likewise the operator by is required to operate on an excited state. To explain the factor
of 2 in Egs. 3.28-3.32 another way, these factors of two arise because we count pairs and
there are two possible sets of spins for each k. The summation considers only the case where
we put a spin-up electron in each k state and a spin-down electron in the corresponding
—k state with the factor of 2. Each state for k < kr contains the full complement of both
spin-up electrons and spin-down electrons.
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3.1.4 Superconducting Ground State

In this section we use the reduced Hamiltonian Eq. 3.32, to find the distribution of pair
occupancy in the superconducting ground state. According to the BCS theory, the ground
state should be written as the product of the occupation operators for all pair states.

) =] {u,g + Ulgb;—j 0) (3.33)

Here |0) is the vacuum state, v% is the probability of pair occupancy, and u2 = 1 — v2 is

the probability of pair vacancy. The first term in Eq. 3.33 is included since it is needed for
normalization of |¥). The formation of the BCS ground state of Eq. 3.33 is illustrated in
Fig. 3.1 where the successive addition of pairs is schematically shown.

The energy of the superconducting ground state relative to the normal ground state is
the expectation value of the reduced Hamiltonian:

W = (U[Hyedl V) (3.34)

Substituting Eq. 3.33 and Eq. 3.32 into Eq. 3.34, one obtains

W =2 Z GEUI% + 2 Z |€E’U% + Z VEE,UEUEUE,UE, (3.35)
k>kp k<kp kK’
To find the equilibrium state we must minimize Eq. 3.35 with respect to U% by setting
[oW/ O(U%)] = 0. The resulting probability of occupancy is found to be
1
vl = 1= er/(AZ+ )12, (3.36)

The parameter Az called the gap parameter will be seen in §3.2 to have a special significance
and is defined by

Ap == Vipvp g (3.37)
g
We can put Eq. 3.36 in a simpler form by defining another energy
) ) 1/2
B =(a2+) " (3.39)
Using Eq. 3.38 the probability of occupancy (see Eq. 3.36) becomes
1
v = 5[l — e/ Byl (3.39)

which is plotted in Fig. 3.2. This figure shows that the probability of pair occupancy
does not vanish above Ep. Pairs move to k states of higher kinetic energy [first term
in Eq. 3.35] in order to maximize scattering possibilities since that reduces the potential
energy [third term in Eq. 3.35] by more than the increase of kinetic energy. The equilibrium
distribution is reached when a further increase of kinetic energy is not offset by a decrease
of potential energy. The distribution is reminiscent of the normal state with T # 0; but for
the superconducting state, this distribution occurs at 7' = 0. The region of €; over which
v% is significantly different from both unity and zero is of the order of a few A i (typically,

a few milli-electron volyl).
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Figure 3.1: Formation of the BCS ground state by successive addition of pairs. Not illus-

trated are the weighing v; of the pairs. The oppositely directed spins are shown. (i) shows
the vacuum state and (ii)-(iv) show successive additions of pairs.
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Figure 3.3: The superconducting ground state is composed of a very large number of over-
lapping Cooper pairs. The phases are locked together to minimize the energy. If there is
net momentum, there is a gradient of phase, as illustrated by the dashed line.

3.1.5 Long-range Coherence

The electron occupation of the paired k states can be considered to be that of the Cooper
pair. Within a spatial region having a diameter on the order of 1 um, there is a phase
coherence much like that in a de Broglie wave packet for a single electron. This distance is
called the coherence length and is denoted by the symbol &. The center-of-mass coordinates
of about a million interacting pairs lie within a sphere of diameter £. It is energetically fa-
vorable for overlapping pairs to lock phases. The whole superconducting fluid can be viewed
as consisting of a large number of overlapping pairs. The individual pairs are comprised
of a large number of k states centered in magnitude about kp. The resulting wave packet
has a wavelength of about one-thousandth of the pair diameter. The waves oscillate at a
frequency w = 2EF /h. In the absence of a net pair momentum, the phases of all pairs are
locked together and they oscillate in unison.

If the pairs of k states have a nonzero net wave vector X , the wave function representing
the superconducting fluid is multiplied by exp(i[? 7). We can represent the fluid by an
ensemble-average function ¥ = |¥(7)| when K = 0 and by

—

U = |U(F)|eHT (3.40)
when K # 0. This is usually written in the more general form
U = |0(7)]e™ (3.41)

where 6 is the phase of the electron pairs, thereby giving a mathematical basis for the
ansatz used in Eq. 2.16. Figure 3.3 shows the situation where there is a phase variation, as
in Eq. 3.41. In Fig. 3.3 the phases of just two pairs are shown to avoid confusion; the phases
of these pairs are seen to differ from one another by 180°. The phases of all the pairs evolve
at the angular frequency 2Er/h while maintaining the 6(7) relative phase differences.

3.2 Gap Parameter and Condensation Energy at T'= 0

Let us examine further the gap parameter Az. Substitution of Eq. 3.39 into Eq. 3.37 gives

'7

Z i 28 (3.42)
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At this point some simplifying assumptions are made to solve Eq. 3.42. First, we assume
that V-, = —V if both |e;| and |e;| are less than fiwp and is zero otherwise following Eq. 3.8.
It is further assumed that Ap = A, a constant, for |e¢;| < hwp and is zero otherwise. Thus

the quantity in Eq. 3.42 becomes
E = (A% 4 ¢2)1/2 (3.43)

in which A taken as a constant and ¢ and E understood to be functions of k. Next, the
summation over k' in Eq. 3.42 is replaced by an integral over the corresponding energy
range. Further, we make use of the fact that the density of states is nearly constant close
to Er, so N(e) = N(0) over the range |e;| < hwp. With these simplifications, Eq. 3.42
becomes

hwp
3.44
V th 62 + A2 T2 1 A2]1/2° ( )
Performing the integration in Eq. 3.44 and rearranging terms, we obtain
h
A=—1P (3.45)
Sinh |:]\[(1(m/:|

If N(0)V <« 1, the superconductor has weak coupling between electrons and phonons, as
is the case in most of the elemental superconducting materials, and in this limit Eq. 3.45
reduces to

A = 2hwp exp {#01)1/} (3.46)

A typical value of A for conventional superconductors is about 1 meV.

3.2.1 Condensation Energy

We now calculate the difference in energy between the superconducting and normal states;
this is called the energy of condensation into the superconducting state. The difference of
kinetic energies is

(KE)s— (KE), =2 Y |egl (02 —=1)+2 > o2 (3.47)
k<kp k>k
Using Eqgs. 3.38, 3.39 and 3.46 we can rewrite Eq. 3.47 as
1 (1 _ e—Q/N(O)V)
KE)s — (KE), = N(0)A? - 4
(KB) ~ (KE), = NOA| 557 — (3.49
Similarly, the difference of potential energies from Eq. 3.35 is
2
Vo=V, = —AV (3.49)

since V;, = 0. The total difference of energies is the sum of Egs. 3.48 and 3.49. Noting that
the change of potential energy is just canceled by the first term of Eq. 3.48 We have the
following for the condensation energy:

Wy — W, = —%N(O)AQ [1 - 6—2/N<0>V] ~ —%N(O)AQ (3.50)
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A useful physical understanding of Eq. 3.50 can be derived by taking the energy range of
pairing interactions to be A and noting that the number of pairs in this energy range is
about N(0)A. If 2A to be the binding energy of each electron pair, then the product of the
number of pairs and the binding energy is approximately the condensation energy. Thus
it is clear that although the BCS theory of the ground state has all electrons paired, only
those in a narrow energy range of order A participate in the condensation. Those farther
below the Fermi level are also described mathematically as pairs but they are too far from
the Fermi surface to be scattered by the electron—phonon interaction, and hence do not
participate in the reduction of the energy of the system.

3.3 Some Quantitative Predictions of BCS

The BCS theory makes a number of quantitative predictions about observables. We sum-
marize results for the critical temperature, energy gap, critical field and specific heat. At
present, many of these observables are being measured for the high T, materials in an at-
tempt to look for deviations from the BCS theoretical predictions. Agreement with the
BCS theory may be explained by the existence of pairs, and for this reason may not provide
direct information on whether the pairing mechanism is the electron—phonon interaction or
is some other attractive pairing mechanism.

3.3.1 Critical Temperature

In zero field, ordering sets in at a critical temperature 7T, given by
kpT, = 1.13hwpe™ /Moo (3.51)

No matter how weak the electron-phonon coupling, BCS predicts a transition to a super-
conducting state for an attractive interaction described by the attractive potential Vy where
Ny is the density of states at the Fermi level and wp is the Debye frequency.

3.3.2 Energy Gap

The zero-temperature energy gap is given by
A(0) = 2hwpe/NoVo (3.52)

The ratio of Eq. 3.52 to Eq. 3.51 gives a fundamental formula independent of the phe-
nomenological parameters

A(0) = 1.76k5T,. (3.53)

This result seems to hold to within 10% for a large number of superconductors including
some of the new high T, materials, though the results for the high 7T, materials must be
considered to be preliminary.

The BCS theory also predicts the temperature dependence of the energy gap for 1" near

to T, as
A(T) T\ /2
OB 1.74(1 - i) (3.54)
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3.3.3 Critical Field

The BCS prediction for H.(T) is usually expressed in terms of deviations from the empirical

law: ) )
H.(T ( T )
~1—(— 3.55
1.0 ~ '\ (3:55)
The BCS prediction is that near T, the relation is linear
o~ ()]
~ 1.7 |1— = 3.56
1,(0) T. (3:56)
whereas at very low temperatures the prediction is
H.(T) ( T > 2
~1—-1.06—) . 3.57
H_.(0) T, ( )

Figure 3.4 shows the deviation from Eq. 3.55 for typical type I superconductors where Al is a
weak coupling superconductor while Hg and Pb are strong coupling type I superconductors.
The Werthamer—Helfand—Hohenberg (WHH) equation which is also based on the BCS

theory
OHo
H»o(0) =0.7 T 3.58
20 =07 (7). (3.59)
relates the value of the upper critical field of a typical type II superconductor H.2(0) to the
slope at T, with no adjustable parameters. The WHH formula (Eq. 3.58) works well for
isotropic type II superconductors. The application of WHH theory to anisotropic type 11
high T, superconductors is currently under investigation.
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3.3.4 Specific Heat
BCS predicts a discontinuity at T, of magnitude

Cs —Ch

=14 .
o 3 (3.59)

T

In zero magnetic field. The BCS theory also predicts the low temperature heat capacity
which can be written as

; A 3/2
fT :1.34(%) e~ AO)/kpT (3.60)

where v is the coefficient of the linear specific heat. Equation 3.60 shows that the expo-
nential dependence of the specific heat at low temperature gives a direct measure of the
superconducting band gap A.
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Chapter 4

Superconductivity in High
Transition Temperature Cuprate
Materials

4.1 Introduction to High 7. Materials

References:

e Tinkham and Lobb, Solid State Physics, edited by Ehrenreich and Turnbull, Academic
Press, vol 42, p. 91 (see also other articles in the same volume).

e Poole, Datta and Farach, Copper Ozxide Superconductors, Wiley—Interscience (1988).
e Phillips, Physics of High T, Superconductors, Academic Press (1989).

e Kamimura and Oshiyama, Mechanisms of High Temperature Superconductivity, Springer
Series in Materials Science, 11.

e D.M. Ginsberg, Physical Properties of High Temperature Superconductors I, World
Scientific (1989).

Using arguments based on the magnitude of the electron—phonon interaction, it was
argued that the maximum expected T, would not exceed ~ 30K. Therefore, the discovery
of superconductivity in the lanthanum cuprates (Lag_,Sr,CuQy4) in 1986 with 7, values
of ~ 40K and soon thereafter in the YBasCuzO7 compounds with T, ~ 90K was so very
surprising. Equally surprising was the discovery of such high T,.’s in materials with magnetic
properties and exhibiting insulating phases.

A number of researchers have drawn attention to the fact that almost all high T, super-
conductors are layered compounds. The layering introduces anisotropy into the problem
which must be considered both in the normal state and in the superconducting state prop-
erties. Whereas many of the conventional superconductors are familiar materials that have
been studied in depth, the cuprate superconductors relate to much less familiar materials,
which are difficult to prepare in stoichiometric, single phase form, and cannot be described
theoretically by simple one—electron band theory. We are now at an early stage in our
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understanding of the high T, superconducting materials. The problems are challenging and
more difficult than initially envisaged.

It has been suggested that the construction of high 7, superconductors can be engineered
from basic building block units, consisting of electrically active slabs between which are
sandwiched layers which transfer charge to the electrically active slab. Though we focus here
on layered superconductors, it is not clear that all high T, superconductors are necessarily
layered, insofar as the T, = 30 K superconductor BiKBaO is a cubic material which also
has no copper ions and thus no magnetism.

All the currently studied high 7. superconductor families seem to follow the common
phase diagram shown in Fig. 4.1 Here we see that below a threshold value for the hole
concentration x, there is no superconducting state. According to Fig. 4.1, the stoichiometric
compounds are all non—conducting antiferromagnets.

To illustrate the basic building blocks of a typical high T, superconductor, consider the
crystal structure for the layered YBasCuszO7 compound in Fig. 4.2 where each of the layers
is labeled. The structure in Fig. 4.2 can be considered in terms of two constituents: the
electrically active slab (see Fig. 4.3) which has a chemical formula YBasCuyOg and the
intercalate layer CuQO, where the Cu and O form chains. This intercalate layer allows entry
and departure of oxygen, thereby providing a mechanism for creating a hole concentra-
tion necessary for observation of the superconducting phase. In Fig. 4.3 we see the basic
building blocks and various guest layers that can be introduced between the electrically
active YBagCusOg slabs. If a single intercalate layer is introduced, the result is a 90 K T,
material, such as YBasCu3zO7. Various substitutions for Y in terms of a rare earth, or the
other substitutions indicated in Fig. 4.3, make little difference to T,. Insertion of two layers
(indicated by the two T1O or BiO layers) give rise to a 110 K 7, material and three layers
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result in a 125 K T, material (which has been prepared with the T1 compounds). If there
is no spacer Y layer between the two CuO2 layers we have the LasCuQy, series which yields
a 40 K T, superconductor. In this case, holes are supplied by the substitution of Sr?* for
La3* to yield a family of materials Lag_,Sr,CuOy.

One advantage of viewing the high 7T, materials in this way might perhaps be the
prediction of new arrangements of the building blocks to achieve higher T, materials. It
is still too soon to be able to judge whether this approach will indeed guide the synthesis
of new high T, materials. It is likely that some new ideas might be needed to produce
materials with T, in the 200 K range.

Most of the high 7, materials are layered compounds with nearly tetragonal crystal
structures. In the superconducting phase, they tend to be orthorhombic, but having lat-
tice constants close to those in the corresponding tetragonal phase which is stable at high
temperatures. The orthorhombic distortion causes the distance between two oxygens on
one diagonal in the CuO» planes to be slightly different from the distance between the two
oxygens along the other diagonal (see Fig. 4.4).

Because of the basic layering of the crystal structure of the high 7. materials, the
critical magnetic fields and the critical currents are also anisotropic in contrast to the
simpler superconductors discussed in Chapters 1-3. The transition temperature T, is a
scalar and is unaffected by crystalline anisotropy. It should be emphasized that conventional
BCS superconductors can also be anisotropic. On the other hand, since anisotropy is so
widespread in the high T, superconductors, some generalization of the previous discussion
of the critical field (see §1.2.1) is necessary. A similar generalization of the critical current
concept is alos needed.

49



_— Cuoa
| 'Y (Ca)
Bacga(:gro) Electrically active slab
|
o -_-_]]m —
Y&, G, O, 7152,CaCuy 0., 77.8,CC, O,
. a * 0Q, 2 Upsp
R — — ™
p— -} - = ?AO
g0 —— &
E‘ S‘n (’d Ga 0"' %) s;; YG/' Olrl

Figure 4.3: Viewing high 7. superconductors in terms of basic building blocks (host mate-

rial) between which an intercalate layer (or multilayer) is introduced. In general, the larger
the number of intercalate layers, the greater the T, value.
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4.2 Anisotropic Superconducting Properties

The superconductivity of single crystal YBaoCusOr7_s exhibits a distinct dependence on
the magnitude of the magnetic field as well as the field orientation with respect to the
crystalline axes. Similar effects are seen in the other families of high T, superconductors, e.g.,
Lag_xSryCuOy4 and BisSroCaCuz0g4.y. This anisotropy of the superconducting properties is
seen more clearly in plots of the angular dependence of the upper critical field (see Fig. 4.5).
Here, values of the magnetic field at which the resistivity first appears and those at which
it reaches 10, 30, 50% are plotted against the angle 6 between the magnetic field and the
c—axis. Because of the extremely high H.o, especially for H 1| c-axis, data of the sort shown
in Fig. 4.5 can be taken for the whole angular range only at temperatures very close to Tt.
The angular dependence of the upper critical field (for all the definitions employed in

Fig. 4.5) follows the relation:

2 i 2
(HCQ(H) COSQ) +<Hc2(9)f”f19> —1, (4.1)
HCHQ He

where 0 is the angle between the magnetic field and the c-axis direction and H ﬂg and H
are the upper critical fields for H|| c-axis and that for H L c-axis, respectively. The dashed
curves in this figure show the good fit of Eq. 4.1 to the experimental points. Although
Eq. 4.1 is applicable to many anisotropic conventional (BCS) superconductors, the main
difference for the high 7, superconductors as mentioned above is the large magnitude of
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H.s, which makes it difficult to carry out the measurements because of the limitations of
laboratory fields (~ 30 tesla for dc and ~ 150 tesla for pulsed fields). The critical fields
Hc”2 and H» of Eq. 4.1 are related (see Egs. 4.2 and 4.3) to the in-plane and the c-axis

coherence lengths, &,;, and &. by
P

HI = 4.9
c2 27[-62() ( )

0N
H: = . 4.3
<2 27(5{11)50 ( )

From these expressions we can expect that as H.o increases to very large values, the coher-
ence lengths become small. Small £ values (£, ~ 3A and & ~ 1OA) and high anisotropy
ratios (£45/&c) ~ 5 are characteristic of high 7. materials. The effective mass model (not
discussed in these lectures) is applicable to the case where the anisotropy is not too large and
the superconductivity can essentially be treated as three-dimensional. The H.s anisotropy
is then related to the effective mass anisotropy by

Hl|2 fc Mab

where mg, and m, are the in—plane and c—axis effective masses, respectively. In the sim-
ple case where the conductivity anisotropy is also determined by the mass anisotropy, the
relation (Hz/H, l|2)2 ~ (pe/pap) is expected to hold. These relations between the supercon-
ducting and normal state parameters seem to hold well for the YBasCusO7_s family of high
T, superconductors, at least, as reported by some workers.

Another phenomenological model for the angular dependence of Ho(#) is the Tinkham
model for a thin film superconductor, in which H.2(0) is given implicitly by the relation

<H62(0)lsin0>2+’H02(0) cosﬁ‘ _ 1 (4.5)
Hc? HCHZ

Equation 4.5 was introduced to explain the critical anisotropy for thin film superconductors.
Equation 4.5 seems to be more appropriate than Eq. 4.1 for the more two—dimensional family
of high T, superconductors BiSroCaCusOgx (Bi-1212) which have a larger anisotropy than
YBasCusO7_5. A distinct feature of the Tinkham model is that H.o(f) shows a cusp at
0 =m/2 (i.e., for H L c—axis). In practice, inhomogeneities in the high 7, samples make it
difficult to identify such features uniquely.

The temperature dependence of the resistivity for various values of the magnetic field
are shown in Fig. 4.6 and permit an evaluation of the temperature dependence of H, !2 and
Hz. Two sets of H. data corresponding to different definitions for 7. are shown in Fig. 4.7.
The circle points associated with the solid curves in Fig. 4.7 are those defined by the zero-
resistance points, and the triangles associated with the dashed curves are those defined by
the mid-points of the resistive transition.

Tinkham and coworkers have fit the resistivity vs. temperature curves in Fig. 4.6 to a
model based on an activation energy, associated with the energy to unpin a vortex bound
to a defect. For practical applications of type II superconductors, strong vortex pinning is
necessary. The technology of solving the flux pinning problem in high 7T, superconductors
is a major challenge with regard to practical utilization of these materials. Likewise, the
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Figure 4.7: Temperature dependence of H, 6”2 and H, CJQ, defined by the zero-resistance points
and the mid-points. These H2(T') data show positive curvature characteristic of many lay-
ered superconductors, but otherwise not generally found. The estimated coherence lengths
are &g ~ 25A and & ~ 6.3A  from the zero-resistance curves, and &, ~ 17TA  and
€.~ 3.9A from the mid-point curves (Iye et al., Physica C153-155, 26 (1988)).

technology to produce practical high T, materials with high current carrying capacity (i.e.,
high j.) is another major challenge.

In the framework of the Ginzburg-Landau (GL) theory, the temperature dependence of

H_s is given by the temperature dependence of the coherence length £(7") which has a mean
field form

E(T) ~ (1= T/Te)~'/2, (4.6)

A Taylor expansion of He(T') about 7T, yields a linear temperature dependence of H. near
T,

H!, = |dH),/dT|s, - (T, — T), (4.7)

Hg = |dHg/dT )z, - (T — T), (4.8)

where |dH, (|:|2 /dT|r, and |dHz /dT |z, are the critical field slopes near T,.. Further assumptions
are needed to obtain H.o(T') over a wider temperature range.

A method widely employed in deriving the low temperature coherence lengths is to
estimate H, 0“2(0) and H:5(0) using the Werthamer-Helfand-Hohenberg (BCS) formula for a
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type II superconductor
dHcZ

drl

H.5(0) = 0.69 ’

T, (4.9)
T

for both H, C||2 and Hz, where the zero temperature values are deduced from the slope of
the critical field curves near T,. This formula unfortunately does not work well for layered
conventional superconductors. But since ordinarily available laboratory magnetic fields
are not large enough to probe H. at low temperatures, Eq. 4.9 is used to obtain rough
estimates for Heo near T' = 0 (recently H.o has been measured directly using megagauss
fields available at the University of Tokyo). From Eq. 4.9, the measurements of H.o near T,
can be used to estimate £4;(0) and &.(0) using Eqgs. 4.2 and 4.3. Experiments in YBayCuzO7

by Worthington et al. estimated Hz ~ 64 tesla and H (lj|2 ~ 400 tesla which correspond to
£ap ~ 17TA and &, ~ 3.5A.

The experimental determination of H2(0) and £(0) in high 7. superconductors is am-
biguous to some degree because of the broadening of the resistive transition in magnetic
fields (see Fig. 4.7) and the upward curvature of Heo(T) (i.e., 0?Heo(T)/0T? > 0) near
T.. The values of the coherence length extracted from the H. measurements appear to
lie in the range, 15 < &4 < 35 A and 2 < & < 7 A, for YBayCuzO7_;5. For such small
values for the c-axis coherence lengths, we see that &. is comparable to or less than the
corresponding unit cell distances. BiSroCaCusOgiy shows a larger H.o anisotropy and a
shorter c-axis coherence length compared with YBasCuzO7_s indicating that the former is
more two-dimensional, a result consistent with the resistivity anisotropy data.

4.3 Anisotropic Normal State Transport Properties

A great deal of work has been done on all properties of high T, materials in normal and
superconducting state: transport, thermal, optical, lattice, magnetic, elastic, microwave, to
mention a few. We briefly discuss transport to give some perspective on the difficulties of
these studies.

The anisotropic superconducting properties arise from anisotropic normal state prop-
erties. An overall view of the temperature dependence of the normal state resistivities of
(Laj_4Sr;)2CuOy and YBagCuszO7_s (see Fig. 4.8) show that the p values are rather high for
metallic systems but p(T') still exhibits a remarkably large linear 7' metallic behavior over a
wide temperature range. Figure 4.8 presents a comparison of the temperature dependences
of the normal state resistivity of high T, compounds with those of a weak electron—phonon
coupling metal (Cu) and a strong electron—phonon coupling metal (V3Si) showing satura-
tion in the resistivity p(T) at high temperatures. The absence of resistivity saturation in
the high T, superconductors at higher temperatures indicates that the carrier mean free
path is longer than the atomic distance throughout the whole temperature range. From
this result it is concluded that the electron—phonon coupling in high T, superconductors is
weaker than that in the A15 superconductors which have high T, values in comparison to
most conventional superconductors.

The first measurement of the normal state resistivity anisotropy in YBagCuszO7_s (made
with electrical contacts at the four corners of a c—axis containing facet of a single crystal
sample) showed a metallic linear T' dependence for the ab-plane resistivity, pgp, but the ¢
axis resistivity, p., showed a semiconductor-like temperature dependence. The anisotropy
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Figure 4.8: Comparison of the temperature
dependence of the resistivity of the high 7
superconductors with typical metals. The
linear T" dependence of the resistivities of
(Lal,xer)gCqul and YBagCu307_5 are
in marked contrast with the resistivity sat-
uration in the strong electron—phonon cou-
pling metal V3Si. Also note the high values
of p for the high T, materials in the nor-
mal state. The increase in the resistivity
of YBasCu3zO7_s above ~ 600 K is due to
oxygen desorption (M. Gurvitch and A.T.
Fiory, Phys. Rev. Lett. 59, 1337 (1987)).

p110730cm)

ratio p./pap was about 30 at room temperature and increased to ~ 80 at T,.. More detailed
results (K. Murata, K. Hayashi, Y. Honda, M. Tokumoto, H. Thara, M. Hirabayashi, N.
Terada and Y. Kimura, Jpn. J. Appl. Phys. 26, 1.1941 (1987)) as shown in Fig 4.9
stimulated a great deal of theoretical interest.

Anderson and Zou (P.W. Anderson and Z. Zou, Phys. Rev. Lett. 60, 132 (1988))
proposed that the p. data shown in Fig. 4.9 could be fitted to a functional form

pe(T) = AT + ?. (4.10)

and claimed that the behavior p,, ~ T and p. ~ 1/T approximately fits the holon—spinon
transport scheme of the “resonating valence bond” (RVB) theory. The scenario for transport
in the RVB model is as follows.

The spin degrees of freedom in the two-dimensional CuOy network are carried by
Fermion excitations called spinons. Chemical doping produces a hole which introduces
a spin 1/2 and a charge +1 into the system. These charge and spin degrees of freedom are
decoupled in the RVB model to yield a spinon and a positively charged Boson called a holon.
Transport current within each CuQOs plane is carried by holons. The dominant scatterers for
a holon are thermally excited spinons. The number of thermally excited spinons is propor-
tional to T', from which the linear 7" dependence of the in—plane resistivity arises. On the
other hand, transport along the c—axis involves interlayer tunneling of electrons. Because a
holon is an entity only meaningful within each CuQOs layer, the interlayer tunneling requires
real holes. The tunneling process therefore occurs by

e creation of a real hole by the temporary union of a holon and a spinon
e interlayer tunneling of the real hole

e dissociation of the hole to a holon and a spinon in the new layer.
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Figure 4.9: Temperature dependence of p,, and p. of three single crystals (A, B, C) of
YBagCu3zO7_s5 . The p.(T) curves show an upturn near 7. The right hand side of the figure
shows the p.T" versus T? plot which was interpreted to support the validity of Anderson’s
RVB relation p. = AT + B/T (Hagen et al., Phys. Rev. B37, 7928 (1988)).

The probability of the interlayer tunneling is determined by the frequency at which a holon
encounters a spinon, and therefore is proportional to the number of available spinons. Thus,
for the transport along the c—axis, the conductivity rather than the resistivity is proportional
to T

Figure 4.10 shows more recent experimental results by Iye et al. of pg and p. for
two different single crystal samples of YBasCusgO7_5. These results clarify previous work.
Whether the intrinsic p.(7') is metallic or semiconducting is extremely important, because
the latter result strongly suggests the RVB transport mechanism. The current experimental
situation of the anisotropic resistivity of YBasCuszO7_5 may be summarized as follows:

e There is general consensus on the following two points:

1. pap increases linearly with temperature from T, up to ~ 600 K. The behavior
above ~ 600 K is related to oxygen desorption and therefore depends on the
ambient oxygen pressure and diffusion kinetics. The linear T dependence ex-
trapolation to T'= 0 gives a very small intercept for good samples.

2. pc of an oxygen-deficient sample is semiconductor—like. In the case of a highly
oxygen-deficient non—superconducting sample, both p,; and p. are of course semi-
conducting.

e The controversial point is whether the p.(T") of an ideally oxygenated sample is metal-
lic or semiconductor-like.

1. Those who regard the semiconductor—like behavior of p. as intrinsic attribute the
metallic behavior observed by others to electrical shorting by p,, components due
to imperfect crystallinity.

2. Those who think that the intrinsic p. is metallic, regard the semiconductor—like
data as a sign of presence of a microcrack and/or a poorly oxygenated interior
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Figure 4.10: Temperature dependence of p,; and p. for two single crystal samples of
YBasCuszO7_s5 with different oxygen stoichiometries. Sample A is a fully oxygenated sam-
ple, while sample B is a somewhat oxygen-deficient sample. The fully oxygenated sample
shows a metallic py, and p.. The right hand side of the figure illustrates the electrode

configuration for the measurements of various transport coefficients (Iye et al., Physica
C153-155, 26 (1988)).
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region of a single crystal.

The disparity of the experimental data among different groups obviously stems from
the strong dependence of electronic properties on the oxygen stoichiometry and from the
difficulty of preparing defect—free large single crystals with controlled oxygen stoichiome-
try. Because the oxygen diffusion kinetics in single crystals is many orders of magnitude
slower than in the case of sintered polycrystals, it is necessary to exercise great care when
processing a single crystal by oxygen annealing to ensure uniform oxygen concentration.
An oxygen concentration gradient from surface to interior of a single crystal can severely
distort transport measurements.

An accurate determination of the anisotropy ratio p./pa is very difficult experimen-
tally. The two—dimensionality of the transport phenomena would seem to require a larger
anisotropy than has yet been reported (e.g., pe/pap > 10% would strongly suggest 2D be-
havior). The anisotropies reported to date suggest that the high T, superconductors are all
anisotropic 3D materials as far as their normal state properties are concerned.

Let us now briefly review the results on other cuprates. While large single crystals of
the undoped material LagCuQy4 are available, high quality single crystals of the Sr doped
materials Las_,Sr, CuQy are difficult to grow. The anisotropic resistivity of superconducting
single crystals of Lag_;Sr,CuO4_, (2 ~ 0.08) were measured and the data show an upturn
of p. at lower temperatures and the anisotropy of p./ps ~ 10. A few studies on the
resistivity anisotropy of BiaSroCaCusQOgy, single crystals were recently published and were
reported to both show metallic behavior with an extremely large anisotropy ratio (~ 10°).
However other experimentalists disagree, so the case of BiaSroCaCusOs.,. is similar to that
of YBayCusO7_s where significant experimental questions remain to be resolved.

A number of optical experiments have been made on high T, superconductors. A scaling
between 7T, and the plasma frequency is shown in Fig. 4.11. These results show a clear
correlation between T, and wz, which in turn depends on the hole concentration.

4.4 The Hall Effect in High 7. Materials

Hall effect measurements have been helpful in distinguishing between the carrier density
and mobility contributions to the electrical conductivity and in determining the sign of the
dominant carrier type. Because of the high anisotropy of the transport properties, single
crystal samples are needed to obtain definitive information (see Fig. 4.12).

Early measurements of the Hall constant Ry with Sr doped Las_,Sr,CuO4 showed
a positive sign of Ry and the functional dependence 1/Rpy ~ x which contradicted the
prediction of the band model and suggested that electron correlation is essential in under-
standing the electronic structure of the present system. Similar conclusions were reached by
studies of the variation of the Hall constant with oxygen-deficiency ¢ in the YBayCuszO7_5
System.

The ab—plane Hall coefficient of YBasCusO7_s has the following features:

1. The sign of the Hall coefficient Ry is positive, i.e., hole-like.

2. Ry is very sensitive to the oxygen stoichiometry and increases rapidly with increasing
oxygen-deficiency 9.
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Figure 4.11: The plasmon dependence of
T.. The points labeled BiSC refer to
BisSraCaCugOgy ., those labeled YBC re-
fer to YBaoCu3zOr7_s, while those labeled
LSC refer to Lag_,Sr;CuQOy.



Sorcle & Sorvple 8
..5.30 g ; : » vsu
ok ity % ’
2 Pasaf -~ }1 o . . 1
<10} :k‘z 344 L - .
g gk > ~.
< . .}P B * as} P .
o . : ) . 13 o / . R
I WO ey X0 _ o L — 30
5 wh J
2 Y . ® Y : Hoeos
= * "‘1\‘ * Hre-axia = . \
- . 4
E l\{ .Or "“,_"‘ . .El.
< 05 - -LJ (] _f"" 5
. . .o . .
% :; e o sy b e § "-'\ e )
N %t o s e -
% ° LYY _’-E}.‘.’.':i"“ H "".'o .' } : J &G?ac""vﬂ.\ 'u!
3 ve 2T . - -
= . TR L 3 L .,'  Ricods
-03 Hic-ons  -s3b ”
17 eb-plone i
et b
1 - - L. -
0 ‘ﬁ x0 ‘°° 0 20 0
Temperature (K) Terrperatre (K)

Figure 4.12: Temperature dependence of the anisotropic Hall coefficient Ry of the same
two single crystals of YBayCuzO7_s as in Fig. 4.10. The Hall coefficient for H | ab—plane
and H | c—axis show a striking difference in sign and temperature dependence. The insert
shows the characteristic linear 7" behavior of 1/R g of YBagCu3zO7_s for two crystals with
widely different carrier concentrations (Iye et al., Physica C153—155, 26 (1988)).
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3. Ry exhibits a striking temperature dependence. For well oxygenated samples (90 K
superconductors) the temperature dependence is such that the apparent carrier den-
sity 1/eRy varies linearly with 7" extrapolating to nearly zero at T = 0.

The Hall coefficient of polycrystalline samples essentially reflects that of single crystals for
the experimental configuration ; || ab—plane and H || c—axis.

The insert figures in Fig. 4.12 demonstrate the linear 7" dependence of 1/eR gy. Normally,
Ry for metals has a linear T dependence. The unusual temperature dependence of Fig. 4.12
is commonly observed in YBasCuszO7_s samples, including samples with very different
magnitudes of the Hall constant (due to different oxygen contents). A linear temperature
dependence for 1/eR i would imply a diminishing carrier concentration at low temperatures,
a strange occurrence for a metallic system. Moreover, essential constancy of the carrier
concentration has been established by the penetration depth measurements by the muon
spin rotation technique. Therefore, different interpretations have been proposed for the
linear T" dependence of 1/eR .

Using a two—band model, the resistivity and the Hall mobility are expressed in terms of
the densities n. and nj and mobilities p. and uy, of electrons and holes:

1

o= 411
(nleln & nelelid) (4.11)

R (rap = nepid)
=

lele(nnpn + nepte)?
In this model the temperature dependence of Ry reflects a temperature dependent com-
pensation between electrons and holes. It is not generally possible to uniquely determine
the values of the parameters n., ny, pe and pp from experimental data of Ry (7T') and p(T).
It has been recognized that in order to reproduce the Ry ~ 1/T and p ~ T behavior in
terms of the two—band model one has to assume a very unusual special relation among the
parameters. The lack of a pressure dependence of Ry poses a further constraint on the
simple two—band model. At present, the Hall effect data for YBasCu3O7_s remain to be
fully elucidated.

Temperature dependent Hall measurements have also been observed in Lag_,Sr,CuQOy4
and BisSroCaCusOgy ., though the temperature dependence of Ry is much weaker than
for YBayCusO7_s and what is more important, the unusual behavior of 1/Ry ~ T is not
observed. Since the 1/Ry ~ T behavior may be specific to YBagCusO7_s, it is concluded
that this effect probably does not have a direct relation to the mechanism of high tempera-
ture superconductivity. It may be that the 1/R g ~ T behavior is common to many high T,
compounds and is a sign of the unconventional normal state from which high temperature
superconductivity emerges. Whether this unusual 7" dependence of the Hall constant can
be explained within the framework of relatively conventional models or requires an exotic
conduction mechanism (e.g., RVB) remains to be clarified.

Our current knowledge of the anisotropy of the Hall effect in YBayCusO7_s5 may be
summarized as follows:

(4.12)

1. The Hall effect for H || c-axis is positive and 1/eR s varies linearly with temperature.

2. Ry for H || ab-plane is much smaller than that for H || c-axis, which is the reason
why the Hall data on ceramic samples essentially reflect the latter.
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Figure 4.13: Temperature dependence of the anisotropic thermoelectric power of single crys-
tal samples of YBasCu3zO7_s5. Note the qualitative difference in the temperature dependence
for the two directions of heat flow.

3. Ry for H | ab—plane is negative and seems to have a temperature dependence quite
different from that for H || c-axis.

Such a complicated dependence of the Hall effect on the magnetic field orientation implies
a complicated Fermi surface topology, or may provide evidence for an exotic transport
mechanism along with the unusual temperature dependence.

The anisotropy of the thermoelectric power of YBasCuzO7_s has been measured by a
few groups (Ong et al., Physica C153—-155, 1072 (1988)), but the results are not in good
agreement from one group to another. Some authors show a positive thermopower for both
Sap and S, (see Fig. 4.13) while other authors show S, < 0 and S, > 0. There is however
agreement that the functional form of the temperature dependence S, (7T) is very different
from S.(T).

Thermal conductivity experiments have also been carried out on both single crystal and
polycrystalline of oxygen-deficient LapCuO,4_, samples (see Fig. 4.14), showing interesting
magnon contributions to the thermal conductivity and a high degree of anisotropy.
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Figure 4.14: Thermal conductivity of
single crystal LasCuO4_, for the heat
flow @ |[001] (top , closed circles),
Q |l[221] (middle, open circles) and
@ ||[110](bottom, triangles). The dashed
line represents results on a polycrystalline
sintered sample. The inset shows a
schematic diagram of LapCuO4_, in terms
of the tetragonal coordinate system used
(D.T. Morelli, J. Heremans, G.L. Doll, P.J.
Picone, H.P. Jenssen and M.S. Dressel-
haus, Phys. Rev. B39, 804 (1989)).



