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tion calibration to an estimated factor of five.
The first suggestion that nitrogen was involved

in the centers was actually obtained from the
fluorescent phonon wings of the more tightly
bound NN lines. All the lines display phonon

wings corresponding to lattice phonons, but
the deep lines give distinct phonon replicas
which correspond to energies greater than that
of the LO lattice phonon. These must repre-
sent local modes and have been labeled in Fig. 1

for NN~ and NN~. It is found that 8loc =0 061
eV. If her (=0.048 eV) is the average of the
lattice TO and LO phonons, ' a crude model
gives for the local mode frequency

+1/M

loc 1/M + 1/Af

where MN is the atomic weight of nitrogen,
etc. Experimentally &bloc = 1 ~ 27~ in coinci-
dentally good agreement with the expected val-
ue. The local modes are more important for
the deeper bound excitons because these more
tightly bound states have wave functions more
concentrated at the central nitrogen atoms.

Several other series of lines have been ob-
served which are generically related to the
NN lines, and which probably involve elements
other than nitrogen. This type of binding to
neutral centers may therefore be quite com-
mon and may lead to a wide variety of states
within the forbidden gap of semiconductors.
It seems likely that at least some of these cen-
ters will bind not only excitons but also either
holes or electrons. They may therefore influ-
ence not only optical but also electrical prop-
erties of semiconductors.

Thanks are due to R. T. Lynch for growing
the crystals from gallium solution, and to H. C.
Montgomery for electrical measurements.
Part of this work was performed by one of us
(J.J.H. ) during a stay at the Bell Telephone
Labor atories.
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We have observed superconductivity in prot-
actinium metal below 1.4'K and thus filled the
last vacant spot in the center of the periodic
system, the region in which every element be-
comes either superconducting, ferromagnetic,
or antiferromagnetic. We show in the follow-
ing table the position of Pa in relation to its
surrounding elements with their superconduct-
ing transition temperatures.

Hf 0.1
Th 1.4

Ta 4.4
Pa 1.4

W 0.011
U 0.7(o), 1.8(c)a

Pa has five valence electrons and hence would
be expected to have the highest transition tem-
perature in the series Th, Pa, U. All surround-

aThe two polymorphic modifications of uranium are
orthorhombic and cubic. They have different transition
temperatures. See B. S. Chandrasekhar and J. K.
Hulm, J. Phys. Chem. Solids 7, 259 (1958).

ing elements are superconductors, and by anal-
ogy with the Hf, Ta, W series, Pa would be
expected to have a very high transition temper-
ature, certainly far above 18'K. This reason-
ing would hold, however, only if Pa were to
crystallize in one of the simple elemental struc-
tures. It is therefore of interest that Zacharia-
sen found an entirely different crystal struc-
ture for Pa, ' namely, that it is tetragonal with
a tenfold coordination, a structure observed
to date only for Pa. The fact that Pa metal
has a more complicated structure than most
metals is in agreement with the empirical ob-
servation that, whenever a metal could be ex-
pected to have a very high transition tempera-
ture, it was found instead to have a lower crys-
tal symmetry and therefore also a lower tran-
sition temperature.

While these arguments, based on analogies
to superconductors in other parts of the peri-
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odic system, might explain the apparent low
value of the transition temperature of protac-
tinium, we shall show below that another ex-
planation, which accounts for the transition
in more detail, is more likely to be true.

In Fig. 1 we show the superconducting tran-
sition of protactinium measured in a liquid
He' cryostat using the ac method of Schawlow
and Devlin, ' with the sample and detection coil
immersed in the bath. Curves of thorium and
uranium, measured in an identical manner,
are also shown for comparison.

While the incomplete curves of Pa and U can-
not be normalized, it is readily apparent that

they are considerably broader than that of Th.
Furthermore, it is noteworthy that if we assume
that proper normalization of the Pa and U curves
would involve scaling down the absolute height
(in cycles per second) of the uranium curve
by a factor of two relative to the protactinium
curve, we find that the two curves are almost
identical! [See Fig. 1(c).] (Such adjustment,
to correct for differences in sample size and
ac "skin effect, " is quite reasonable. ) The
superconductivity of Pa and that of U are thus
quite similar in appearance and markedly dif-
ferent from that of Th. We wish to suggest
therefore that the mechanism responsible for
superconductivity in Pa and U is different from
that in Th.

As has been shown previously, superconduc-
tivity in lanthanum and uranium is very prob-
ably due to the incipient 4f and 5f natures,
respectively, of these metals. ' ' While urani-
um does not contain localized 5f electrons in
the metallic state, atomic uranium has three
5f electrons, and undoubtedly there is some
5f character present in the conduction electrons
of the metal. ' Since Pa(IV) seems to have a
5f electron, ' it is likely that the mechanism
responsible for superconductivity in uranium
is also responsible for the very similar super-
conducting behavior of protactinium.

Thus thorium, and not protactinium, would
be the last of the actinide elements subject to
valence electrons and structure considerations, '
since the superconductivity of Pa and U (and
La) seems to be much less sensitive to these
factors. Of course it is possible that the ex-
pected increase in transition temperature for
the valency of 5 between Th and U could have
been exactly compensated for by the change
in crystal structure, but this seems unlikely.

The sample was prepared by reduction of
PaF~ with lithium vapor at 1300'C.

We wish to thank Professor B. B. Cunning-
ham and Professor W. H. Zachariasen for their
helpful discussion. We are grateful to T. F.
Smith for informing us of his work on uranium
prior to publication.
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FIG. l. Superconducting transitions of (a) thorium,
{b) protactinium, and {c)uranium.

*This work was done under the auspices of the
Atomic Energy Commission.

%. H. Zachariasen, Acta Cryst. 5, 19 (1952).
2A. L. Schawlow and Q. F. Devlin, Phys. Rev.

113, 120 {1959).
3D. C. Hamilton and M. A. Jensen, Phys. Rev.

Letters ll, 205 {1963).

861



VOLUME 15, NUMBER 22 PHYSI C A. L R K V I K %" L K Y T K R S 29 NOvEMsER 196$

%. G. Gardner and T. F. Smith, Phys. Rev. 138,
A484 (1965).

ST. F. Smith and %. E. Gardner, Phys. Rev. (to

be published).
68. Fried and J. C. Hindman, J. Am. Chem. Soc.

76, 4863 (1954).

ENERGY-GAP ANISOTROPY IN In-DOPED Sn

Lewis T. Claiborne and Norman G. Einspruch

Texas Instruments Incorporated, Dallas, Texas
(Received 28 October 1965)

One of the fundamental problems yet to be
solved in the physics of type-I superconductiv-
ity is that of determining the relation between
the anisotropy of the superconducting energy
gap, the band structure, and the phonon den-
sity of states of a real metal (cf. Douglass and
Falicov'). The most detailed energy gap mea-
surements on a given material are those on
Sn made by the ultrasonic absorption ~ and
electron tunneling' techniques. It is the pur-
pose of this Letter to report the following:
(1) the direct observation by improved ultra-
sonic techniques of the variation with impu-
rity concentration of the anisotropy of the su-
perconducting energy gap in a series of In-
doped Sn single crystals (&1 ppm to 0.1 at.+
In); and (2) the comparison of two models for
the temperature dependence of the compres-
sional-wave attenuation in the superconduct-
ing state.

The Bardeen-Cooper-Schreiffer (BCS)' the-
ory predicts that for an isotropic superconduc-
tor the ratio of the compressional-wave atten-
uation in the super conducting state to that in
the normal state is given by

o. /a =2f(h) =2{exp[6(T)/kT]+ I) '

where b, (T) is the temperature-dependent super-
conducting energy gap. This result has been
shown to be independent of sound frequency
and electron mean free path for impurity-lim-
ited scattering. ' Morse, Olsen, and Gavenda'
and Leibowitz have assumed that the form of
Eq. (1) is correct for anisotropic superconduc-
tors, but that for a given crystal direction the
value of the limiting energy gap b, (0) can as-
sume a value different from the BCS value of
1.76kT, where T is the transition tempera-
ture. The b (0) for a given crystallographic
direction is obtained by measuring the slope
of a plot of In(o.'/e„) vs T /T over the low-
temperature range, for which f(h) -e
and b (T) -h(0). The measurements on pure

Sn indicate an anisotropy of -20 Vo for compres-
sional-wave propagation along the [001] and

[110]directions. Tunneling data' indicate that
in addition to a possible anisotropy associated
with one piece of Fermi surface there are sev-
eral gaps observed for some crystalline direc-
tions in Sn which can be related to the multiple
energy surfaces found in the higher Brillouin
zones. That there are multiple energy gaps
in a real metal such as Sn is not surprising
and in fact had been predicted previously by
an extension of the BCS theory to a multiband
model. At present there is no detailed theo-
ry for the effect of multiple gaps on the ultra-
sonic attenuation. It is not at all clear what
the effect of interband pairing and scattering
will be on the quasiparticle phonon scattering
matrix. The simplest assumption is that of
a complete neglect of interband effects, i.e. ,

(y A.
S

exp[&.(T)/kT]'
n z

(2)

where the summation is over all bands, and
the constants A; are subject to the condition
Q.A. =2. This form has been used for a two-

Z

energy-gap fit for Sn with some success. "
There is only one model for anisotropic super-
conductors which has been used to predict the
ultrasonic attenuation. " The result does not
give quantitative agreement with the data for
Sn.

It is wel) established that small amounts of
impurity added to a pure superconductor tend
to reduce the transition temperature. The
reduction is linear in le, where l~ is the elec-
tron mean free path, and a,ccording to the cur-
rent theories'3~' of dirty superconductivity,
the decrease in transition temperature is si-
multaneous with a smearing out of the energy-
gap anisotropy. The energy gap should be ap-
proximately isotropic when 4(0) &F7' ', where
i is the impurity-limited relaxation time. For

862


