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contribution to the current from the holes when either
the field or frequency is varied. This is permissible since
other measurements suggest that the hole mass is much
larger than the electron mass. '

A measurement of the absolute power reRection coeS-
cient at a frequency &co& gives E.=-0.25. In this region
the charge carriers make a negligible contribution to
the complex conductivity, and the refl.ection coe%cient
is determined simply by the dielectric constant of
the lattice, e. From the standard formula for this
(R=

~

e& —1~'/~ e&+1~') we find e=9. From these data
and the above value for e, we Q.nd the number of elec-
trons in pure bismuth to be approximately 5X10ts/cc.

The authors are grateful for valuable discussion of
this work with Dr. C. Herring and Dr. P. WolG.
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~~LOVER and Tinkham' have studied the trans-
mission of superconducting films over a wide

range of infrared frequencies. Their measurements of
the real part of the conductivity, ot(co), where o~ is the
angular frequency, can be interpreted in terms of a
universal function si(x) =or(co)/oiv. tv is the conduc-
tivity of the metallic film in its normal state, while the
reduced frequency x is de6ned in terms of the transition
temperature T„and the Planck and Boltzmann con-
stants: x= 'Itoi/kT, . In addition to these measurements
Glover and Tinkham investigated the transmission of
thin 61ms for microwaves and found that the con-
ductivity o.sz(co) in this "low"-frequency region, could
again be expressed in terms of a universal function
ssz(x) =osz(co)/os. It was further found that ssz(x) had
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FIG. 1. Real part of the conductivity of a superconductor as a
function of frequency from infrared measurements of Glover and
Tinkham. ' The ordinate gives si(x) =o&(a&)/os, the real part of
the conductivity of the superconductor divided by that in the
normal state, The abscissa is given in reduced frequency units,
g = ~/kT, . The shaded area, "lost" in the superconducting
transition, is required by the sum rule to be exactly compensated
by the delta-&unction distribution occurring at zero frequency.
The strength of the delta function in turn determines the magni-
tude of the London-type lossless inductance. Modifications (A)
and (8) give approximate limits to indicate how far the curve
si(x) could be displaced while still remaining consistent with the
experimental values.

the lossless inductance type of frequency dependence:

ssz(x) = (1/a)/x.

This functional dependence on frequency was predicted
by the London theory, but the constant a, introduced by
Pippard, 2' was found to be much smaller than pre-
dicted by this theory and to have the universal value
of a=0.27~0.05. According to the Kramers-Kronig
relations (Appendix 3 of reference 1), such a frequency
dependence in the imaginary part of the conductivity
requires a delta-function behavior in the real part at
zero frequency. Thus establishing Eq. (1) is equivalent
to detecting a term' z.8~(x)/2u in st(x). Conversely,
if the delta-function contribution can be measured, the
London-type conductivity will be known. (The sub-
script on the delta function indicates an infinitesimal
shift toward positive x.)

The Glover-Tinkham measurements can be regarded
as independent determinations of, on the one hand, the
London imaginary conductivity ssz(x), and on the other
hand, the variation of the real part of the conductivity
si(x) for nonzero values of its argument. In the present
note we would like to point out that, because of a sum
rule, there is an a priori relationship between these two
types of measurements. As soon as the function st(x) is
known for all nonzero values of its argument, the
strength of the London term ssz(x) can immediately be
inferred. Thus the sum rule provides a consistency check
not only on experimental data but also on any theory
of the frequency-dependent conductivity for a super-
conductor.
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The derivation of the sum rule follows familiar lines
and is very simple. At high frequencies, such that &co is
much greater than any of the binding energies of the
electrons in the metal, the absorptive or real part of the
conductivity vanishes and the imaginary part becomes
[Eq. (B-1) of reference 1]

2zo r+" o t(cot)dzot 2 r+"
t72 G)

7l ~ p (dy —07 7CCO ~ p

~t(tot)dozt. (2)

The sum rule now results from requiring that the elec-
trons and ions all behave as free at these high fre-
quencies, and consequently that .o(sz)obe the same
regardless of whether the metal is in its normal or
superconducting state. Introducing st(x) and desig-
nating the change brought about by the supercon-
ducting transition by 6, we have the sum rule'

sr(x)dx=0. (3)

At a given frequency the value of the real part of the
conductivity can, of course, be diGerent in the super-
conducting and normal states. The integral, however,
of conductivity over frequency is the same for both.

The sum rule (3) will now be used to determine ss~(x)
from Glover and Tinkham's values for st(x) shown in
Fig. 1. At low frequencies the real part of the con-
ductivity is lower in the superconducting than in the
normal state while at high frequencies the two are
equal. The sum rule, however, requires that the areas
under the two curves st(x) and s~(x) be equal. As
indicated schematically in the figure, the necessary
additional area is contained in the delta function at the
origin associated with the London imaginary conduc-
tivity sP (x).The formal requirement of the sum rule (3)
is that

of the sum rule from the infrared measurements than
to the microwave value. Because of the difhculty en-
countered in averaging over standing waves in the
microwave experiments, there is perhaps also some
reason for favoring the infrared value from an experi-
mental point of view.
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The integral has been evaluated by using the three
curves shown in Fig. 1.' The center of the three is taken
from the original paper' while the two outer ones
roughly determine maximum and minimum areas which
would be compatible with the measurements. The
errors given are therefore limits and not probable
errors. The resulting value of the Pippard parameter is
a=0.21&0.05. This is to be compared with the value
independently determined by Glover and Tinkham
from the microwave transmission measurements, a =0.27
&0.05. The agreement is modest but must be con-
sidered satisfactory in view of the errors. Two other
values of the parameter a are available. Faber and
Pippard' found the value a= 0.15 from measurements of
the surface resistance of wires. Bardeen, Cooper, and
SchrieGer' deduce from their theory @=0.18. Both of
these are closer to the film value obtained with the help

THREE-LEVEL maser was proposed by Bloem-
bergen, ' and first operated by Scovil, Feher, and

Seidel. ' In our endeavor to find paramagnetic materials
suitable for maser applications, we have investigated the
electron-spin resonance properties of ruby (Alsos. Cr).
This note reports briefly the results of our studies.

According to several investigators' ' the zero-field
splitting in ruby is 0.38 cm '. The ground state of the
trivalent chromium ion, Cr+++, which is responsible for
the coloring of ruby, behaves as S=-,'. The dependence
of the energy levels of ruby on the magnetic field was
calculated for the polar angle 54' 44'. ' Experiment has
indicated that the "forbidden" transition —

~ -2 is
quite intense for this orientation. Calculations showed
that for H=4200 gauss, the pumping frequency corre-
sponding to this transition should be 24 kMc/sec, and
the signal frequency corresponding to the ——,'~-', transi-
tion should be approximately 9.3 kMc/sec.

A cylindrical cavity was designed and built so as to
excite the TE»4 and TEp» modes, respectively, at the


