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Direct evidence for the existence of a gap in
the electron energy spectrum of superconductors®
has been obtained from studies of the absorption
of electromagnetic energy in the frequency range
hv~EkT, (the millimeter microwave and far in-
frared regions).?”® By the extension of the meas-
urements® on superconducting aluminum (7',
=1.178°K) to lower temperatures (T =0.38°K) and
to shorter wavelengths (A =3.1 mm), we have
been able to determine the value of the energy
gap at absolute zero and to measure the varia-
tion of the gap with temperature.

The apparatus previously described® has been
modified in that the inner liquid helium Dewar
now is filled with He®>. Pumping on this bath re-
duces the temperature to 7=0.35°K. The pre-
sent measurements were made on a sample in
which spurious absorption has been reduced to
<1% of the normal state value. Thus it is possi-
ble to determine unequivocally the photon energy
which spans the gap at absolute zero (actually,
at small reduced temperature values) by noting
an abrupt rise in the absorption as a critical
frequency is exceeded.

Examples of the absorption data, expressed as
curves of surface resistance ratio rsR/Rn (Rn
is the surface resistance in the normal state)
versus reduced temperature ¢=T/ T, for several
wavelengths, are shown in Fig. 1. It will be
seen that for wavelengths longer than 3.96 mm
(hv<3.08 ch) the low-temperature values of »
are less than 1%, suggesting that the intrinsic

absorptivity of the metal goes to zero at absolute
zero. However, for wavelengths shorter than
3.36 mm (hv>3.63 ch) the absorption remains
appreciable as the temperature approaches zero.
This abrupt increase in the absorptivity at abso-
lute zero implies the existence of a forbidden
energy gap which has been spanned by photons of
these energies.

The curve at hv=0.64kT, exhibits the general
features of absorption curves obtained at lower
frequencies in that an abrupt decrease in ab-
sorption is noted as the temperature falls below
Tc,-and the curve tends to zero absorption at
absolute zero. However, at higher frequencies,
e.g., hv =3.08kT,, the absorption curves no
longer decrease abruptly just below 7,. Ina
previous paper® this behavior was attributed to
additional absorption, largely the result of in-
duced transitions of electrons across the tem-
perature-dependent energy gap, and a method
was outlined for separating this effect from the
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FIG. 1. Measured values of the surface resistance
ratio, 7, as a function of the reduced temperature, f,
for superconducting aluminum. The wavelengths and
corresponding photon energies are indicated on the
curves,
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normal electron absorption. In the present paper
the larger temperature and frequency ranges
covered permit us to determine directly the on-
set of additional absorption by examination of
isotherms of surface resistance ratio versus
photon energy.

Isotherms derived from our measured curves
for a number of temperatures are given in Fig.
2. The curve labelled =0 is determined by ex-
trapolation of our » vs ¢ curves to absolute zero.
It will be seen that for temperatures substantially
below the transition temperature the surface re-
sistance ratio initially increases rather slowly
with frequency. However, above a critical fre-
quency (photon energy) the absorption rises much
more rapidly. The effect becomes less pro-
nounced on successive isotherms as {~1. To a
first approximation we may take the energy at
which the onset of this increased absorption oc-
curs as the value of the energy gap for the par-
ticular temperature. This neglects the effect of
the electromagnetic penetration depth, which is
altered in the vicinity of an absorption edge.

The inferred values of the energy gap at each
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FIG. 2.
photon energy. The experimental points are taken from
the absorption curves at each of the measured frequen-
cies. The arrows on the curve, {=0.70, indicate lim-
its of uncertainty in determining the values of the en-
ergy gap.
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FIG. 3. Inferred energy gap variation with temper-
ature. The solid line indicates the experimentally de-
termined curve, the dashed line the theory of Bardeen,
Cooper, and Schrieffer. The value of the gap at abso-
lute zero is gg(o)=(3. 25%0. 1)T,.

temperature are shown in Fig. 3. The error
limits shown result from uncertainty in the choice
of the onset, as indicated by the arrows on the ¢
=0.70 curve of Fig. 2. At small values of the re-
duced temperature (¢t<0.5), where penetration
effects are less important, uncertainty in the
choice of gap values results from the rather long
interpolation between our available photon ener-
gies. The values of the energy gap derived by
this direct method are in essential agreement
with the earlier results® which were obtained by
calculations based on a two-fluid model.

A comparison of the results with the theory of
Bardeen, Cooper, and Schrieffer” (the dashed
curve of Fig. 3) shows that although there is
good agreement concerning the shapes of the en-
ergy gap versus temperature curves, there is
only fair agreement between the experimental
value of the gap at absolute zero, §,(0) = (3.25
+0.10)kT,, and the theoretical value of 3.52%T.

Richards and Tinkham® have obtained the values
8g(0) =(4.1 10.2)ch for lead and (3.4 +0.3)T,
for tin. Our result on aluminum continues the
pattern of a slow, monotonic variation of &_(0)/
kT, with T,/€ suggested by Goodman®; © is the
Debye temperature of the metal. However, these
three metals equally well fit a slow, monotonic
variation of & (0)/ch with either T, or © alone,
and therefore studies of other metals are needed.
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assistance and suggestions concerning the micro-
wave components of the apparatus.
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Preliminary experiments on quenching and
annealing of pure copper are reported. Thin
copper wires, of 0.04- and 0.07-mm diameter,*
were electrically heated in purified argon; the
wires were 30 cm long in order to minimize the
effects of nonuniform temperature at their ends.
Quenchings were performed by natural cooling
after disconnecting the power supply: the total
cooling times were oscillographically measured
and were about 0.45 sec for 0.04-mm wires and
1.2 sec for 0.07-mm wires. The initial cooling
rate was estimated to be about 5x10® °C/sec for
the thinner wires.

Up to twenty quenchings and annealings could
be done with reproducible results using the same
specimen: later on smaller changes of resistiv-
ity due to quenching were found, the results de-
pending somewhat upon the history of the speci-
men.

The changes in resistivity Ap, measured at
room temperature, are exponentially dependent
on 1/T for both diameters of wires, provided
the quenching temperature 7 is less than 1150°K.

They tend to saturate at higher temperature and
this fact indicates that cooling is not fast enough
for retaining all defects within the quenched spe-
cimens at high temperature. Results which have
been obtained at low quenching temperatures for
both diameters of wires are given in Fig. 1. Ex-
trapolation to the melting point of copper gives
Ap ©2%10°" chm cm, which, according to calcu-
lations by Jongenburger® and Abeles,® corre-
sponds to a concentration of vacancies of about
1.5%1073, The formation energy of vacancies is
equal to 1.0+0.1 ev.

Isothermal annealing curves were obtained for
temperatures ranging between 350°C and 470°C
and with initial concentration of vacancies near
to 107%; the recovery of quenched-in resistivity
was almost complete in any case.

Results given in Fig. 2 refer to 0.04-mm wires
and show an activation energy equal to about 1.3
ev. The number of jumps a defect makes before
disappearing at sinks is 10%-10".

On the other hand, annealing curves obtained
with 0.07-mm wires suggest an activation energy
for recovery near to 1.6 ev. This difference
may be related to the slower cooling rate obtain-
able with these wires, the formation of complex
defects due to clustering of vacancies being re-
sponsible for the higher activation energy. The
effect is probably present to some extent even
with the 0.04-mm wires, though it is presumable
that 1.3 ev is nearer to the true value of the
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FIG. 1. Changes in resistivity due to quenching for
0.07- and 0.04-mm diameter copper wires.
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