VOLUME 8, NUMBER 7

PHYSICAL REVIEW LETTERS

APRIL 1, 1962

shows a portion of the upper one expanded by
%1000 (sweep rate =5 msec/division). The sharp
spikes at the top of each excursion correspond

to stimulated emission. The excursions them-
selves are due to the fluorescence and stray lamp
light and have the same shape as the light output
from the AH-6 lamp.

Figure 4(b) shows continuous maser action with
dc power applied to the lamp. The upper trace
shows the output of the PbSe detector, while the
lower trace shows the dc light intensity as moni-
tored by a phototube. Both traces are swept at 5
sec/division. Note that in the middle of the 50-
sec sweep the lamp intensity was reduced by
=20% for 7 sec and the maser action during this
period was observed to cease. At the end of the
sweep the lamp is extinguished, showing the zero
level for both traces. The violent fluctuations in
the maser output envelope are due to the ac rip-
ple in the dc supply. When threshold is barely
exceeded, a small ripple in the pump intensity
is a large variation in that part of the light inten-
sity which is above threshold. Power levels ob-
served thus far are around 10 microwatts. This
may well be increased by switching to continuous
xenon lamps, which have more energy around
0.9 p than do mercury lamps.

The relaxation oscillations present in the pulsed
operation of CaF,:U** maser? were observed to
die out in a few milliseconds after the onset of
maser action. Such also has been observed to be
the case in the continuous Nd** maser,? whereas
in the continuous ruby maser!® the relaxation os-
cillations are observed to persist indefinitely.

The authors take pleasure in acknowledging the
help of Miss D. M. Dodd who obtained the optical
absorption data. Experimental assistance and the
techniques and preparation of the crystals were
ably performed by A. E. Di Giovanni, D. H. Olson,
P. M. Ness, and A. L. Albert; J. M. Dziedzic as-
sisted in the paramagnetic resonance investigation.
We are grateful for many helpful discussions with
Dr. J. P. Gordon and Dr. D. L. Wood.

TThe first announcement of the continuous operation
of the CaFy: U maser was made at the January, 1962
meeting of the American Physical Society in New York.
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The ordinates of Fig. 1 are “observed” values
of the Bardeen-Cooper -Schrieffer (BCS) param-
eter [N(0)V] for various metals, derived by the
usual formula expressing the transition tempera-
ture of a superconductor.! Where superconduc -
tivity has not been detected, the point of the ar-
row rests on the maximum value that [N(0)V] can
have if there is, in fact, a transition to supercon-
ductivity below the lowest temperature which has
so far been investigated for that metal? The point
for Bi refers to the superconducting transition ob-

272

served in films condensed at very low tempera-
tures.?

Along the horizontal axis is plotted

N(O)Vltheor =3y (ke)j St @

where Z is the valency, M the mass of an atom,
and O the Debye temperature of the metal.! We
take (A’ - u*)=0.1 for all metals. The value of U
is derived from the measured electrical resistiv-
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ity p L of the liquid metal, just above its melting
point:

PiezZNvF"’
=3 (@B L "

2

p ). (2)

plasma
U is the velocity of an electron on the Fermi
sphere containing ZN electrons per unit volume;
(a(K)) is a number —taken to be 0.4 for monova-
lent metals and nearly unity for polyvalent metals—
derived from the observed x-ray or neutron scat-
tering function of the liquid metal?; Pplasma isa
theoretical* contribution to the electrical resistiv-
ity—a negligible correction for polyvalent metals.
The electrical resistance in the liquid state is not
known for Be, Ca, or Sr, nor for the transition
elements Ti, Zr, V, Nb, Ta, Mo, U.> Magnetic
metals such as Mn, Fe, Co, Ni, and the semicon-
ductors Si and Ge are also excluded, for obvious
reasons.

For superconducting elements there is obviously
a close empirical correlation between experimen-
tal and theoretical estimates of [N(0)V]. For “non-
superconductors” we have two alternative possi-
bilities. It may be that the empirical correlation
curve extends down to the origin, and that these
elements would all eventually turn out to be super-
conducting if studied at sufficiently low tempera-
tures.! On the other hand, it may be that [N(0)V]
>0 is not a sufficient criterion for superconduct-
ing, and that the parameter must be greater than
about 0.15 for the transition to occur at all.

The argument for our formula is as follows. It
can be shown! that U is a measure of the matrix
element of the effective potential of an ion for
large -angle scattering of free electrons. The

same quantity will occur in the interaction be-
tween electrons and elastically displaced ions in
the solid metal. That is, U plays the role of a
rigid-ion potential in the electron-phonon interac-
tion® —the quantity that appears in the old Bloch
theory” as the constant C. The first term in Eq.
(1) is then the corresponding attractive part of the
BCS interaction, assuming that the density of
states N(0) has its free-electron value, and that
the average of (K/kF)z(qD/q)z, over all scattering
vectors K and all phonon wave vectors ¢, is unity.

The term -p* arises from the electrostatic re-
pulsion of the electrons. According to Morel and
Anderson,! this is about -0.1, being very insen-
sitive to the electron density.

For the term X\’ we must consider the part of
the electron-phonon interaction corresponding to
small-angle scattering. It can easily be shown®®
that the “constant” C must then tend to -6, as
K - 0 and must take the form

C(K)= -41reZZN/(ks"’+K2), 3)
where % is a screening parameter. Indeed,
Pines,® Morel,! and Morel and Anderson® took
this to be true for all values of K, and made
[N(0)V] appear to depend only on the valency and
electron density in the metal. Even after multi-
plication by m*/m, these formulas were unable
to distinguish adequately between Mg and Zn, be-
tween Al and Tl, or between Sn and Pb. The fact
is that (3) only describes the screened Coulomb
potential of an ion outside the core and is valid
only for small K; when 27 /K is of the order of
the diameter of the core, the repulsive pseudo-
potential*s'° becomes important, and C(K) be-
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FIG, 2. The function C(K) occurring in the theory of
the electron-phonon interaction, showing the difference
between the screened Coulomb potential assumed by
Pines,? Morel ! etc., and the form suggested by the
theory of pseudopotentials.

comes equal toU, say, which has different values
for different metals (Fig. 2).

But we must not neglect the contribution of this
screened Coulomb term. In the liquid metal it
gives rise to the plasma resistance,* which is not
negligible in monovalent metals; in Na, where U
is zero, the plasma resistance seems to be the
whole effect. We can estimate A/, the contribu-
tion of this term to the BCS parameter, by taking
over from Morel and Anderson® their calculated

result for a standard monovalent metal. In their
notation,
A =14a%/(1+a% ~0.2. (4)

Except for small variations in the value of @, this
correction should be about the same for metals of
all valencies, because we assume that C(K) only
has this value for K <qp; i.e., the screened Cou-
lomb term does not contribute to Umklapp proc-
esses.

These corrections are very approximate and
should not really be quite the same for all metals.
Moreover, we have no a priori reason for expect-
ing exact numerical agreement between theoretical
and experimental estimates of [N(0)V]. The aver-
age of (K/kF)"’(q /q)? need not be exactly 1; it need
not even be the same for different metals. It may
be that one should draw two separate lines, for
Ag, Cd, Sn, In, and for Au, Tl, Hg, Pb, as if
these were a systematic “period effect.” But
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closer numerical analysis of the problem must
wait on a more exact theory of C(K).

An alternative formula can be deduced by using
the resistivity of the solid metal in (2) and replac-
ing (a(K)) by an equivalent quantity—in fact* by
ETNB =kTh’2qD2/Mk2®2. This result looks simpler,
in that [N(0)V] becomes independent of @ and of M;
this is actually the original formula suggested by
Frohlich!! as a criterion for superconductivity.
One would have expected good results from such
a formula, since a superconductor is always a
solid, but the numerical correlation with experi-
ment is not nearly as striking as in Fig. 1. The
electrical resistivity of a solid metal is very sen-
sitive to the crystal structure, and is not deter-
mined so directly by the interaction between free
electrons and individual ions as it is in the liquid
state. It seems as if the superconducting transi-
tion also is not very sensitive to the details of
the zone structure, lattice spectrum, etc.

I am indebted to Dr. P. W. Anderson for advice
and discussion, and for a copy of his paper in ad-
vance of publication. Professor A. B. Pippard re-
minded me that Bi is indeed a superconductor.
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