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Note on Superconductivity.

by

E. SchrBdinger

As is well known, at the normal transition-temperature (i.e. in the absence
of a magnetic field) no heat of transition occurs; but the specific heat
exhibits an appreciable diecontinuity. A very carefully studied case is
that of Sn.1) The measurements of the atomic heats in the superconducting
(CS) and in the normally conducting (CN) phases are satisfactorily repre-

sented, as follows

¢ -A23 A = 464.5 8., = 140°
R Y I i Pty §:s
(1) -
Cy = A(l) . dr;o(=4.1o’4,a = 185°
Oy N
On transition to the S-phase at 2, = 3.7°K, there is a sudden rise of

about 502 i the measurements are in the interval 1° - 4°k. The of -term
is by no means small compared with the Debye-term, and is decidedly absent

in CS « Around and above TC the measured CN lies slightly but system-
atically above the given formula. The formulae are stated to be in excel-
lent agreement with the measured transition curve (threshold magnetic field
v. temperature), for which they demand a parabola, and also with the measured

heat of transition below the normal transition point.

They present us with two extremely astonishing features. One is the

1)

W. H. Keesom and P. H. van Laer, Physica 2y 193, 1938, I am taking

the data from M. von laue, Theorie der Supraleitung, 2nd edition, Springer

1949’ pp' 91 fo




&-tern (whese dominant r8le will appear presently) and particularly its
dissappearance in the S-phase. The other is the jump in the Debye- temper-
ature €.

The said linear term is well accounted for by Semmerfeld's theory of the
normally cenducting electrons, based on their forming a nearly Fermi-degener-
ate gas. At the upper boundary of a tightly packed Fermi-distribution there
is a region of slight exciﬁ%atiou with an energy content propotrtional to T2 ’
contributing a linear term to CN . The order of magnitude of @ fully
agrees with this interpretation. This contribution, while obliterated at
higher temperature, becomes compatatively substantial in this low region.

Its entire disappearance in the S-phase is very difficult te account for.
Do the electrons all of a sudden settle down to complete Fermi-degeneration?

This seems difficult to reconcile with several known facts. We are
compelled to attribute to the supercénductor also normal Ohmic resistance,
which it displays in high—frequenﬁy alternating potentials, while only in
static or quasi-stationary conditions the Ohmic resistance is short-circuited
by superconductgrion. Moreover the latter does not appear to be established
abruptly at the notmal transition point. The characteristic behaviour of a
superconductor resides on the minuteness of the London-penetration-depth, the
very thin surface layer into which current =nd magnetic field can at all
peneirate. But there is experimental evidence to show that this penetration
depth dees not set in with a very small value at the transition peint, but only
decreases continuously, though rapidly, from a macroscopic value, or, as the
theoretician prefers to think, from an infinite value. This has induced us
to consider the fraction of superconducting electrons to increase gradually

from zero to one, when the temperature is lowered from the transition point




TC to the absolute zere. This does not fit in well with the view that the
Fermi-Sommerfeld conducting electrons settle down abruptly te complete Fermi- |
degeneration at the transition point.

But beyond this the above experimental data on Cs and CN seem to
point to a dominant r8le of the ef~-term in determining the transition temper-
ature TC' Since at TC there is no heat of transition (and no external werk
on transition) the energies of the two phases must be equal. Taking for the
moment the possibility of two distinct Debye-temperatures Oy and ©_, as a

S
given fact (to be discussed later) we would comclude that on cooling a sample

down the transition sets in, whenever the quenching of the Fermi-excitetion
makes available just the amount of energy required for the establishment of
the state with the lower Debye-6. TFor indeed, tdﬂggh both amounts decrease
on cooling, the former decreases least rapidly viz. only a~ T2. But in
impﬁiementing this condition one must be careful not to judge the energies of
the two phases just by the integrals of their atomic heats from absolute zero
(where their energy-diffé}ence remaims finite, even though the heat of trans-
ition must tend to zero according to the Nernst-theorem). The correct relat-

ion is obtained by observing that the entropy-difference is zero both for

T = 0 andfor f = T, » thus
TC TC
c c
S N
AL - 74T . (2)
0 0

From (1) and (2) we obtain




+ -4_

With the numerical data given above the right hand side works out to 4+4 , 10'4,
in sufficient agreement with the experimental of-value. In fact we may be
sure that the experienced authors would not have publiehed the results summar-
ized in (1) without submitting them to this obvious check (the deviation 4+4
against 4 may be due to the slight failure of the CNrformula alluded to
above).

Now A is universal, a numerical multiple (12 W4/5) of the gas constant.

From Sommerfeld's theory @ depends, except for universal constants, only on

the density of conduction electrons in the metal. Thus indeed the normal

transition temperature TC seems to be determined by the latter and by the
two O-values in the way indicated above. We venture a generalizing applic-
ation of this view to the so-called MAjotope-effect. If the ions forming the
lattice are replaced by those of an isotope of different mass M , we should
expeci the whole electrical interplay to be unaffected, but the ©-values to
change proportional to M-1/é. From (3) this would make T, change ~ M-B/a.
The sign is correct, the heavier isotope being found the "better" superconductor,
but the theory indicates a stronger dependence; experiments, so I am told;9
. point to TC ~ M-1/2.

Not only the normal transition temperature TC » but the whole character
of the transition phenomenon that we observe - the parabolic or nearly parabolie

form of the transition curve (threshold magnetic fiel® v. temperature) - depends

entirely on the Fermi-Sommerfeld electron energy

2

\

7 (4)

(STE

T

which at high temperature, though much larger, is calorically quite insignificant

If the ol-term were missing in (1) - or if it were not missing in C_ - thig
]

Yy impossidle.

:) 7:: & nepat 67 E, Maertel Z%)nnkg T :Lx

v 4 e~ Lo /)""‘e

T4
4V 1s

would upset the whole %?enomenon, make it thermodynamicall




easy to show that with the value which this energy reaches at T = Tc y Viz.

e g (5)
&

Q

is also intimately connected the limiting excess of energy of the normal phase
over the super-phase for T—>0. This excess, which is, of course, one of
free energy (connected with the energy density of the limiting threshold field),

is namely

s e

&R

b
4

that the energy required for establishing the new régime of lattice-vibrations,

just half of the above. Actually, on multiplying (3) by Tg y one avers,

| with the smaller 6 , is not just (5) but the sum (5) + (6).

i The possibliity of two different states of lattice-vibrations (as evid-

I enced by the two FHGFLU/LEAASTY A/ AL TE¢Yed substantially different Debye-

i temperatures) and the smooth transition from one to the other, is the most
puzzling feature. In itself a discontinuous change, indeed a weakéning, of
the interaction between the ionic lattice and the electriﬁbnic field (I mean
the de Broglie field) might seem a welcome guide to our understanding of the
break-down of electric resistance. The strange thing is that it should occur
without any change of volume and without any change of lattice structure.

We are at a loss to understand this. We are disinclined to believe in a
change of the elastic conmstants, but equally hesitant to regard typical Debye-
Ts-behaviour as only feigned in a region of temperature, where Debye's theory
is safest in its rights and least expased to objections. Indeed in this
limiting case the energy is distributed over the elastic waves in much the
sage way as in black-body radiation, with a very marked maximum that lies far

below the limiting frequency. The bulk of the heat energy is carried by long




6

waves of, say, 15 or 20 times the lattice spacing, so that the elastic dis-
persion (which Debye's theory has to neglect) actually plays no rSle.

While this suggests no explanation, the fact mentioned just now isy so I
believe, worth being kept in mind: superconductivity never occurs before the
energy of the lattice vibrations has withdrawn to long waves, long compared
with the spacing of the lattice. This seems to make it easier to admit
electronic states, not exchanging energy with the heat-motion, only sort of

"adiabatically breathing" along with it.
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