
Electron-phonon interactions
and superconductivity
"... the development of the role of electron-phonon interactions
in superconductivity from its beginnings in 1950 up to the present
day, both before and after the development of the microscopic theory in 1957."

John Bardeen

Our present understanding of super-
conductivity has arisen from a close in-
terplay of theory and experiment. It
would have been very difficult to have
arrived at the theory by purely deduc-
tive reasoning from the basic equations
of quantum mechanics. Even if some-
one had done so, no one would have
believed that such remarkable proper-
ties would really occur in nature. But,
as you well know, that is not the way it
happened; a great deal had been
learned about the experimental proper-
ties of superconductors, and
phenomenological equations had been
given to describe many aspects, before
the microscopic theory was developed.
Some of these have been discussed by
Schrieffer and by Cooper in their talks.

My first introduction to supercon-
ductivity came in the 1930's and I
greatly profited from reading David
Shoenberg's little book on supercon-
ductivity,1 which gave an excellent
summary of the experimental findings
and of the phenomenological theories
that had been developed. At that
time it was known that superconduc-
tivity results from a phase change of
the electronic structure, and the Mei-
ssner effect showed that thermody-
namics could be applied successfully to
the superconductive equilibrium state.
The two-fluid Gorter-Casimir model
was used to describe the thermal prop-
erties and the London brothers had
given their famous phenomenological
theory of the electrodynamic proper-
ties. Most impressive were Fritz Lon-
don's speculations, given in 1935 at a
meeting of the Royal Society in Lon-
don,2 that superconductivity is a quan-
tum phenomenon on a macroscopic
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scale. He also gave what may be the
first indication of an energy gap when
he stated that "the electrons be cou-
pled by some form of interaction in
such a way that the lowest state may
be separated by a finite interval from
the excited ones." He strongly urged
that, based on the Meissner effect, the
diamagnetic aspects of superconductiv-
ity are the really basic property.

My first abortive attempt to con-
struct a theory,3 in 1940, was strongly
influenced by London's ideas and the
key idea was small energy gaps at the
Fermi surface arising from small lat-
tice displacements. However, this work
was interrupted by several years of
wartime research, and then after the
war I joined the group at the Bell Tele-
phone Laboratories where my work
turned to semiconductors. It was not
until 1950, as a result of the discovery
of the isotope effect, that I again began
to become interested in superconduc-
tivity, and shortly after moved to the
University of Illinois.

The year 1950 was notable in several
respects for superconductivity theory.
The experimental discovery of the iso-
tope effect45 and the independent pre-
diction of H. Frohlich6 that supercon-
ductivity arises from interaction be-
tween the electrons and phonons (the
quanta of the lattice vibrations) gave
the first clear indication of the direc-
tions along which a microscopic theory
might be sought. Also in the same
year appeared the phenomenological
Ginzburg-Landau equations which give
an excellent description of supercon-
ductivity near Tc in terms of a complex
order parameter, as mentioned by
Schrieffer in his talk. Finally, it was
in 1950 that Fritz London's book7 on
superconductivity appeared. This
book included very perceptive com-
ments about the nature of the micro-

scopic theory that have turned out to
be remarkably accurate. He suggested
that superconductivity requires "a kind
of solidification or condensation of the
average momentum distribution." He
also predicted the phenomenon of flux
quantization, which was not observed
for another dozen years.

The field of superconductivity is a
vast one with many ramifications.
Even in a series of three talks, it is
possible to touch on only a few high-
lights. In this talk, I thought that it
might be interesting to trace the devel-
opment of the role of electron-phonon
interactions in superconductivity from
its beginnings in 1950 up to the present
day, both before and after the develop-
ment of the microscopic theory in 1957.
By concentrating on this one area, I
hope to give some impression of the
great progress that has been made in
depth of understanding of the phenom-
ena of superconductivity. Through de-
velopments by many people,8 electron-
phonon interactions have grown from a
qualitative concept to such an extent
that measurements on superconductors
are now used to derive detailed quanti-
tative information about the interac-
tion and its energy dependence. Fur-
ther, for many of the simpler metals
and alloys, it is possible to derive the
interaction from first principles and
calculate the transition temperature
and other superconducting properties.

The theoretical methods used make
use of the methods of quantum field
theory as adopted to the many-body
problem, including Green's functions,
Feynman diagrams, Dyson equations
and renormalization concepts. Fol-
lowing Matsubara, temperature plays
the role of an imaginary time. Even if
you are not familiar with diagrammatic
methods, I hope that you will be able
to follow the physical arguments.
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Tunneling from a normal metal into a superconductor near T = 0 K. The conductance is
proportional to the density of states in energy in the superconductor; that is, conductance
{dl/dV)ns oc NB M oc w/(w2 - A2)1 2. Figure 1

In 1950, diagrammatic methods were
just being introduced into quantum
field theory to account for the interac-
tion of electrons with the field of pho-
tons. It was several years before they
were developed with full power for ap-
plication to the quantum statistical
mechanics of many interacting parti-
cles. Following Matsubara, those
prominent in the development of the
theoretical methods include Kubo,
Martin and Schwinger, and particular-
ly the Soviet physicists, Migdal, Galit-
ski, Abrikosov, Dzyaloshinski, and
Gor'kov. The methods were first in-
troduced to superconductivity theory
by Gor'kov9 and a little later in a
somewhat different form by Kadanoff
and Martin.10 Problems of supercon-
ductivity have provided many applica-
tions for the powerful Green's-function
methods of many-body theory and
these applications have helped to fur-
ther develop the theory.

Diagrammatic methods were first
applied to discuss electron-phonon in-
teractions in normal metals by
Migdal11 and his method was extended
to superconductors by Eliashberg.12 A
similar approach was given by
Nambu.13 The theories are accurate
to terms of order (m/M)1/2, where m is
the mass of the electron and M the
mass of the ion, and so give quite accu-
rate quantitative accounts of the prop-
erties of both normal metals and su-
perconductors.

We will first give a brief discussion
of the electron-phonon interactions as
applied to superconductivity theory
from 1950 to 1957, when the pairing
theory was introduced, then discuss
the Migdal theory as applied to normal

metals, and finally discuss Eliashberg's
extension to superconductors and sub-
sequent developments. We will close
by saying a few words about applica-
tions of the pairing theory to systems
other than those involving electron-
phonon interactions in metals.

Developments from 1950 to 1957

The isotope effect was discovered in
the spring of 1950 by Reynolds, Serin,
et al4 at Rutgers University and by E.
Maxwell5 at the US National Bureau
of Standards. Both groups measured
the transition temperatures of sepa-
rated mercury isotopes and found a
positive result that could be interpret-
ed as TcAf1 2 ~ constant, where M is
the isotopic mass. If the mass of the
ions is important, their motion and
thus the lattice vibrations must be in-
volved.

Independently, Frohlich,6 who was
then spending the spring term at Pur-
due University, attempted to develop a
theory of superconductivity based on
the self-energy of the electrons in the
field of phonons. He heard about the
isotope effect in mid-May, shortly be-
fore he submitted his paper for publi-
cation and was delighted to find very
strong experimental confirmation of his
ideas. He used a Hamiltonian, now
called the Frohlich Hamiltonian, in
which interactions between electrons
and phonons are included but Coulomb
interactions are omitted except as they
can be included in the energies of the
individual electrons and phonons.
Frohlich used a perturbation-theory
approach and found an instability of
the Fermi surface if the electron-pho-
non interaction were sufficiently

strong.
When I heard about the isotope ef-

fect in early May in a telephone call
from Serin, I attempted to revive my
earlier theory of energy gaps at the
Fermi surface, with the gaps now aris-
ing from dynamic interactions with the
phonons rather than from small static
lattice displacements.14 I used a vari-
ational method rather than a perturba-
tion approach, but the theory was also
based on the electron self-energy in the
field of phonons. While we were very
hopeful at the time, it soon was found
that both theories had grave difficul-
ties, not easy to overcome.15 It be-
came evident that nearly all of the
self-energy is included in the normal
state and is little changed in the tran-
sition. A theory involving a true
many-body interaction between the
electrons seemed to be required to ac-
count for superconductivity. Schaf-
roth16 showed that starting with the
Frohlich Hamiltonian, one can not de-
rive the Meissner effect in any order of
perturbation theory. Migdal's theo-
ry,11 supposedly correct to terms of
order (m/MY2, gave no gap or insta-
bility at the Fermi surface and no indi-
cation of superconductivity.

Of course Coulomb interactions real-
ly are present. The effective direct
Coulomb interaction between electrons
is shielded by the other electrons and
the electrons also shield the ions in-
volved in the vibrational motion.
Pines and I derived an effective elec-
tron-electron interaction starting from
a Hamiltonian in which phonon and
Coulomb terms are included from the
start. As is the case for the Frohlich
Hamiltonian, the matrix element for
scattering of a pair of electrons near
the Fermi surface from exchange of
virtual phonons is negative (attractive)
if the energy difference between the
electron states involved is less than the
phonon energy. As discussed by
Schrieffer, the attractive nature of the
interaction was a key factor in the de-
velopment of the microscopic theory.
In addition to the phonon-induced in-
teraction, there is the repulsive
screened Coulomb interaction, and the
criterion for superconductivity is that
the attractive phonon interaction dom-
inate the Coulomb interaction for
states near the Fermi surface.17

During the early 1950's there was in-
creasing evidence for an energy gap at
the Fermi surface.18 Also very impor-
tant was Pippard's proposed non-local
modification of the London electrodyn-
amics which introduced a new length,
the coherence distance, £o> into the
theory. In 1955 1 wrote a review arti-
cle20 on the theory of superconductivi-
ty for the Handbuch der Physik, which
was published in 1956. The central
theme of the article was the energy
gap, and it was shown that Pippards
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Conductance of a Pb-Mg junction as a func-
tion of applied voltage. (From reference 24.)

Figure 2

version of the electrodynamics would
likely follow from an energy-gap model.
Also included was a review of electron-
phonon interactions. It was pointed
out that the evidence suggested that
all phonons are involved in the transi-
tion, not just the long-wavelength pho-
nons, and that their frequencies are
changed very little in the normal-su-
perconducting transition. Thus one
should be able to use the effective in-
teraction between electrons as a basis
for a true many-body theory of the su-
perconducting state. Schrieffer and
Cooper described in their talks how we
were eventually able to accomplish this
goal.

Greens-function method
for normal metals

By use of Green's function methods,
Migdal11 derived a solution of Frohl-
ich's Hamiltonian, H = He\ + //Ph +
^ei-ph. for normal metals valid for ar-
bitrarily strong coupling and which in-

092
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Density of states versus energy for Pb.
Solid line, calculated by Schrieffer et al;
dashed line, observed from tunneling; gray
line, BCS weak-coupling theory. Figure 3

volves errors only of order {m/M)i 2.
The Green's functions are defined by
thermal average of time-ordered opera-
tors for the electrons and phonons, re-
spectively

G = -i(T\p(l)i+(2)) ( l a )

D = -/<T0Q)(/>+(2)> (lb)
Here \p(r,t) is the wave-field operator
for electron quasi-particles and 4>(r,t)
for the phonons, the symbols 1 and 2
represent the space-time points (ri,ti)
and (r2,f2>, and the brackets represent
thermal averages over an ensemble.

Fourier transforms of the Green's
functions for Ho = Hei + Hph for non-
interacting electrons and phonons are

a,. - Jk) + i6k
 (2a)

+

vn + u)(1(<7) - id

where P = (k,wn) and Q = (q,vn) are
four-vectors, to(k) is the bare electron
quasiparticle energy referred to the
Fermi surface, u>o(<7) the bare phonon
frequency and con and vn the Matsub-
ara frequencies

u),, = (2/i + l)7nfcBT; vn = 2nirikBT
(3)

for Fermi and Bose particles, respec-
tively.

As a result of the electron-phonon
interaction, Hel.ptu both electron and
phonon energies are renormalized.
The renormalized propagators, G and
D, can be given by a sum over Feyn-
man diagrams, each of which repre-
sents a term in the perturbation ex-
pansion. We shall use light lines to
represent the bare propagators, Go and
Do, heavy lines for the renormalized
propagators, G and D, straight lines for
the electrons and curly lines for the
phonons.

The electron-phonon interaction is
described by the vertex

G(P

G(P)
D(Q)

which represents scattering of an elec-
tron or hole by emission or absorption
of a phonon or creation of an electron
and hole by absorption of a phonon by
an electron in the Fermi sea. Migdal
showed that renormalization of the
vertex represents only a small correc-
tion, of order (m/M)1'2, a result in ac-
cord with the Born-Oppenheimer adia-
batic approximation. If terms of this
order are neglected, the electron and
phonon self-energy corrections are
given by the lowest-order diagrams
provided that fully renormalized prop-
agators are used in these diagrams.

The electron self energy S(P) in the
Dyson equation:

G,(P)2(P)G(P)

G(P) Go(P)

is given by the diagram
D(Q)

(5)

G(P-Q)

The phonon self-energy, 7r(Q), defined
by

'VWVW = VWWS/

D(Q) D0(Q) D0(Q)ir(Q)D(Q)(6)

G (P + j Q)

is given by

G (P - j Q)

Since to order (m/M)1'2 one can use
an unrenormalized vertex function a =
cto, the Dyson equations form a closed
system such that both Z(P) and ir(Q)
can be determined. The phonon self-
energy, 7r(Q), gives only a small renor-
malization of the phonon frequencies.
As to the electrons, Migdal noted that
we are interested in states k very close
to feFl so that to a close approximation
£(&,«) depends only on the frequency.
For an isotropic system,

2X*,w) a* Z(* f t a>) = 2 ( « ) (7 )
The renormalized electron quasi-parti-
cle energy, w*, is then given by a root
of

e(/c) = GJ4 = tv(k) + i(a)fc) (8)
In the thermal Green's-function for-
malism, one may make an analytic
continuation from the imaginary
frequencies, wn, to the real u> axis to
determine 2(u).

Although 2(o>) is small compared
with the Fermi energy, £F, it changes
rapidly with energy and so can affect
the density of states at the Fermi sur-
face and thus the low-temperature
electronic specific heat. The mass re-
normalization factor, m*/m, at the
Fermi surface may be expressed in
terms of a parameter A:

m*/m = Z(kF) = 1 + A =

(dtjdk)r/(dt/dk)v (9)

In modern notation, the expression for
A is

-- 2 I eta
u.'

(10)

where F(u>) is the density of phonon
states in energy and aa(«) is the square
of the electron-phonon coupling con-
stant averaged over polarization direc-
tions of the phonons. Note that A is
always positive, so that the Fermi sur-
face is stable if the lattice is stable.
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Values of X for various metals range
from about 0.5 to 1.5. The parameter
X corresponds roughly to the term
N{0) Vphonon of the BCS theory.

Nambu-Eliashberg theory

Migdal's theory has important con-
sequences that have been verified ex-
perimentally for normal metals, but
gave no clue as to the origin of super-
conductivity. Following the introduc-
tion of the BCS theory, Gor'kov
showed that pairing could be intro-
duced through the anomalous Green's

function
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Real and imaginary parts of A (a>) = A,(o>)
+ iA2(<jj) versus energy for Pb. (After Mc-
Millan and Rowell.) Figure 4
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Comparison of a2F for Pb derived from
tunneling data with phonon density of states
from neutron scattering data of Stedman et
al (reference 8). Figure 5

(ID
Nambu showed that both types of
Green's functions can be conveniently
included with use of a spinor notation

(12)

where ^f and ^ are wave field oper-
ators for up and down spin electrons
and a matrix Green's function with
components

Gafi = -;<T¥ t t tf /> (13)

Thus Gn and G22 are the single-parti-
cle Green's functions for up and down
spin particles and G12 = G2i* = F(P)
is the anomalous Green's function of
Gor'kov.

These are two self-energies, 2i and
S2, defined by the matrix

(v y \

2, 27
(14)

Eliashberg noted that one can describe
superconductors to the same accuracy
as normal metals if one calculates the
self-energies with the same diagrams
that Migdal used, but with Nambu
matrix propagators in place of the
usual normal-state Green's functions.
The matrix equation for G is

G = Go + G0ZG (15)
The matrix equation for 2 yields a pair
of coupled integral equations for 2i
and 2̂ 2- Again Si and 22 depend
mainly on the frequency and are essen-
tially independent of the momentum
variables. Following Nambu,13 one
may define a renormalization factor
Zs(u>) and a pair potential, A(w), for
isotropic systems through the equa-
tions:

wZt(u)) = a) + 2i(«) (16)

A(a>) = ^(aj)/Z(a)) (17)

Both Zs and A can be complex and in-
clude quasi-particle lifetime effects.
Eliashberg derived coupled nonlin-
ear integral equations for Z8(u) and
A(u>) which involve the electron-pho-
non interaction in the function

The Eliashberg equations have been
used with great success to calculate the
properties of strongly coupled super-
conductors for which the frequency de-
pendence of Z and A is important.
They reduce to the BCS theory and to
the nearly equivalent theory of Bogoli-
ubov21 based on the principle of "com-
pensation of dangerous diagrams"
when the coupling is weak. By weak
coupling is meant that the significant
phonon frequencies are very large com-
pared with khTc, so that A(u>) can be
regarded as a constant independent of
frequency in the important range of

energies extending to at most a few
kftTc. In weak coupling one may also
neglect the difference in quasi-particle
energy renormalization and assume
that Zs = Zn.

The first solutions of the Eliashberg
equations were obtained by Morel and
Anderson22 for an Einstein frequency
spectrum. Coulomb interactions were
included, following Bogoliubov, by in-
troducing a parameter /i* which renor-
malizes the screened Coulomb interac-
tion to the same energy range as the
phonon interaction. In weak coupling,
N(0)V = X - n*. They estimated A
from electronic specific heat data and
ti* from the electron density and thus
the transition temperatures, Tc, for a
number of metals. Order-of-magni-
tude agreement with experiment was
found. Later work, based in large part
on tunneling data, has yielded precise
information on the electron-phonon in-
teraction for both weak and strongly-
coupled superconductors.

Analysis of tunneling data

From the voltage dependence of the
tunneling current between a normal
metal and a superconductor one can
derive A(o>) and thus get direct infor-
mation about the Green's function for
electrons in the superconductor. It is
possible to go further and derive em-
pirically from tunneling data the elec-
tron-phonon coupling, a2(w)F(w), as a
function of energy. That electron tun-
neling should provide a powerful meth-
od for investigating the energy gap in
superconductors was suggested by I.
Giaever,23 and he first observed the ef-
fect in the spring of 1960.

The principle of the method is illus-
trated in figure 1. At very low temper-
atures, the derivative of the tunneling
current with respect to voltage is pro-
portional to the density of states in
energy in the superconductor. Thus
the ratio of the density of states in the
metal in the superconducting phase,
Na, to that of the same metal in the
normal phase, Nn, at an energy eV
above the Fermi surface, is given by

idI/dV)m

(dIldV)m
(18)

The normal density is essentially inde-
pendent of energy in the range involved
(a few meV). In weak-coupling super-
conductors, for a voltage V and energy

ix

- A 2
(19)

As T — 0°K, no current flows between
the normal metal and the supercon-
ductor until the applied voltage reach-
es A/e, when there is a sharp rise in
dl/dV followed by a drop. This is il-
lustrated in figure 2 for the case of Pb.

The first experiments of Giaever
were on aluminum, which is a weak-
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coupling superconductor. Good agree-
ment was found between theory and
experiment. In later measurements on
tunneling into Pb, a strongly coupled
superconductor, Giaever, Hart and
Megerle24 observed anomalies in the
density of states that appeared to be
associated with phonons, as shown in
figure 2. These results were confirmed
by more complete and accurate tunnel-
ing data on Pb by J. M. Rowell et al.25

In the meantime, in the summer of
1961, Schrieffer had derived numerical
solutions of the Eliashberg equations
working with a group engaged in devel-
oping methods for computer control
using graphical display methods.26 He
and coworkers calculated the complex
.MID) for a Debye frequency spectrum.
Later, at the University of Pennsylva-
nia, he together with J. W. Wilkins
and D. J. Scalapino27 continued work
on the problem with a view to explain-
ing the observed anomalies on Pb.
They showed that for the general case
of a complex A(a>)

(dI/dV)n, Nt(u)
Nn(dI/dV)nn

where Re represents the real part.
From measurements of the ratio over
the complete range of voltages, one can
use the Kramers-Kronig relation to ob-
tain both the real and imaginary parts
of A(o>) = Ai(w) + JA2(O>). From anal-
ysis of the data, one can obtain the
Green's functions which in turn can be
used to calculate the various thermal
and transport properties of supercon-
ductors. This has been done with
great success, even for such strongly-
coupled superconductors as lead and
mercury.

For lead, Schrieffer et al used a pho-
non spectrum consisting of two Lorentz-
ian peaks, one for transverse waves
and one for longitudinal, and obtained
a good fit to the experimental data for
T <K Tc. The calculations were ex-
tended up to Tc for Pb, Hg, and Al by
Swihart, Wada and Scalapino,28 again
finding good agreement with experi-
ment.

In analysis of tunneling data, one
would like to find a phonon interaction
spectrum, a2(u>)F(oj), and a Coulomb
interaction parameter, n*, which when
inserted into the Eliashberg equations
will yield a solution consistent with the
tunneling data. VV. L. McMillan de-
vised a computer program such that
one could work backwards and derive
a2(u)F(a) and /i* directly from the
tunneling data. His program has been
widely used since then and has been
applied to a number of superconduct-
ing metals and alloys, including Al,
Pb, Sn, the transition elements Ta and
Nb, a rare earth, La, and the com-
pound Nb3Sn. In all cases it has been
found that the phonon mechanism is

dominant with reasonable values of n*.
Peaks in the phonon spectrum agree
with peaks in the phonon density of
states as found from neutron scattering
data, as shown in figure 3 for the case
of Pb. In figure 4 is shown the real
and imaginary parts of A(a>) for Pb as
derived from tunneling data.

One can go further and calculate the
various thermodynamic and other
properties. Good agreement with ex-
periment is found for strongly coupled
superconductors even when there are
significant deviations from the weak-
coupling limits. For example, the
weak-coupling BCS expression for the
condensation energy at T = 0°K is

where N(0)Zn is the phonon-enhanced
density of states and Ao is the gap pa-
rameter at T = 0°K. The theoretical
expression with Zs(u) and A(UJ) derived
from tunneling data, again for the case
of Pb, gives29-30-31

Etheo, = 0.78£BCS (22)

in excellent agreement with the experi-
mental value

Eexp = <0.76 ± 0.02)£BCs- (23)

In figures 5, 6, 7, and 8 are shown
other examples of «2(UI)F(UJ) derived
from tunneling data for Pb, In,31 La,32

and NbaSn.33 In all cases the results
are completely consistent with the
phonon mechanism. Coulomb interac-
tions play only a minor role, with /i*
varying only slowly from one metal to
another, and generally in the range
0.1-0.2.

As a further check, it is possible to
derive the phonon density of states,
F(u), from neutron scattering data and
use pseudopotential theory to calculate
the electron-phonon interaction pa-
rameter aq(u>). From these values, one
can use the Eliashberg equations to
calculate Zs(a>) and A(u>) and the vari-
ous superconducting properties, in-
cluding the transition temperature, Tc.
Extensive calculations of this sort have
been made by J. P. Carbotte and co-
workers34 for several of the simpler
metals and alloys. For example, for
the gap edge, Ao, in Al at T = 0°K
they find 0.19 meV as compared with
an experimental value of 0.17. The
corresponding values for Pb are 1.49
meV from theory as compared with
1.35 meV from experiment. These are
essentially first-principles calculations
and give convincing evidence that the
theory as formulated is essentially cor-
rect. Calculations made for a number
of other metals and alloys give similar
good agreement.

Conclusions

In this talk we have traced how our
understanding of the role of electron-
phonon interactions in superconductiv-

ity has developed from a concept to a
precise quantitative theory. The self-
energy and pair potential, and thus the
Green's functions, can be derived ei-
ther empirically from tunneling data or
directly from microscopic theory with
use of the Eliashberg equations. Phys-
icists, both experimental and theoreti-
cal, from different parts of the world
have contributed importantly to these
developments.

All evidence indicates that the elec-
tron-phonon interaction is the domi-
nant mechanism in the cases studied
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Figure 8
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so far, which include many simple
metals, transition metals, a rare earth,
and various alloys and compounds.
Except possibly for the metallic form
of hydrogen,35 which is presumed to
exist at very high pressures, it is un-
likely that the phonon mechanism will
yield substantially higher transition
temperatures than the present maxi-
mum of about 21°K for a compound of
Nb, Aland Ge.

Other mechanisms have been sug-
gested for obtaining higher transition
temperatures. One of these is to get
an effective attractive interaction be-
tween electrons from exchange of virtu-
al excitons, or electron-hole pairs.
This requires a semiconductor in close
proximity to the metal in a layer or
sandwich structure. At present, one
can not say whether or not such struc-
tures are feasible and in no case has
the exciton mechanism been shown to
exist. As Ginzburg has emphasized,
this problem (as well as other proposed
mechanisms) deserves study until a
definite answer can be found.

The pairing theory has had wide ap-
plication to Fermi systems other than
electrons in metals. For example, the
theory has been used to account for
many aspects of nuclear structure. It
is thought the nuclear matter in neu-
tron stars is superfluid. Very recently,
evidence has been found for a possible
pairing transition in liquid He3 at very
low temperatures. Some of the con-
cepts, such as that of a degenerate vac-
uum, have been used in the theory of
elementary particles. Thus pairing
seems to be a general phenomenon in
Fermi systems.

The field of superconductivity is still
a very active one in both basic science
and applications. I hope that these
lectures have given you some feeling
for the accomplishments and the
methods used.
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