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tering, and were found in reasonable agreement
with the assumed cross section for He-He scat-
tering. If the liquid were indeed at the temper-
ature determined by beam measurements and
had its usual vapor pressure of 7 Torr, the
apparatus would have been overloaded with He.
The liquid results do not depend significantly
on bath temperature, on changes in the arrange-
ment of heat exchangers and inlet pipe geome-
try, or on the level of vibration as qualitative-
ly altered by operating a number of extra me-
chanical pumps. Adequate time to attain equilib-
rium was allowed.

The data indicate that the Maxwell-Boltzmann
distribution is valid for helium gas down to
0.6'K and indirectly confirm the validity of the
Massey-Mohr scattering theory in the low-en-
ergy limit. The evaporating liquid velocities
are similarly distributed in the usual modified
Maxwellian way, but are characterized by a
velocity that would be associated with a gas
warmer by 1.0+ 0.1'K than the actual source
temperature.

It is perhaps premature to try to attribute
this result to the mell-known quantum proper-
ties of He II, but it is interesting that the en-
ergy excess per atom is in agreement with that
predicted by Toda' for the formation of eight-
atom microcrystallites (1.05'K per atom).

Further development of these techniques will
be necessary before beams emitted from liq-
uids can be observed over a wider range of
temperatures and with other gases. %e feel
that the classical molecular-beam method as
exemplified by this first experiment can serve
as a useful tool in the study of the microscop-
ic properties of liquid helium. Meyer et al. '
have observed the velocities of atoms evapo-
rated by heat pulses from films of 'He and 'He
within a small sealed cavity, and found sever-
al anomalous effects. No comparison with our
results seems immediately apparent.
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BAND STRUCTURE AND LASER ACTION IN PbxSn1 &Te
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This Letter reports the observation of spon-
taneous and coherent emission in the vicinity
of 15 p. from Pb~Sn1 ~Te alloys at 12 K opti-
cally excited by radiation from a GaAs-diode
laser. A model of the band structure of the
alloy system is proposed to explain the com-
position dependence of the band gap and the
change in sign of the temperature coefficient
of the band gap between PbTe and SnTe.

In the photoluminescence experiments a small
crystal sample and the GaAs laser pump were
mounted on a copper heat sink which was in
contact with liquid helium. ' The Fabry-Perot
cavity was formed by tmo parallel faces of the
sample which were perpendicular to the sur-
face irradiated by the GaAs laser beam. Cur-
rent pulses of a few microseconds duration

mere applied to the GaAs diode at the rate of
3000/sec.

Figure 1 shows the emission spectra of a
Pb, „Sn, »Te laser at 12'K, below and above
threshold. The sample mas a vapor-grown n-
type crystal (n = 1.7 x 10'~ cm ' at 77'K) with

the as-grown shape of a parallelepiped 550 JL(.

long in the direction of laser emission. The
onset of coherent emission, which was evidenced
by an abrupt increase in emission intensity
as well as by the appearance of mode structure,
occurred at a GaAs-diode current of 3.7 A,
which corresponds to approximately 1.5 W of
0.84- p, radiation. A single cavity mode at 15.9
p, was excited at currents between 3.7 and 8

A, and multimode operation was observed at
higher currents. The mode spacing corresponds
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FIG. 2. Schematic representation of the valence and
conduction bands at 12 K for PbTe, for the composition
at which the energy gap is zero, and for SnTe.
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FIG. 1. Emission spectra of optically excited
Pbp. 8(Snp, feTe at about 12'K, obtained below threshold
at a GaAs-diode current of 3 A and above threshold at
6.4 and 10 A. The spectra above threshold show re-
solution-limited mode structure.

to a value of approximately 6.5 for the quanti-
ty [n, -X,dn/dX]. Coherent emission was also
obtained from a Pb0»Sn»Te-alloy sample
at 14.9 p, .

The luminescence data of Fig. 1 give an en-
ergy gap of 0.078 eV for Pb, „Sn, »Te at 12'K,
compared to 0.186 eV obtained in PbTe from
luminescence measurements at this tempera-
ture. ' A decrease of the energy gap with in-
crease in Sn concentration has also been ob-
served in Pb-rich Pb„Sn1 „Te alloys at 300'K
by means of optical-absorption measurements. '4
However, recent tunneling experiments' have
indicated that SnTe is a semiconductor with
an energy gap at 4.2 K of approximately 0.3
eV, i.e. , larger than the energy gap of either
PbTe or Pb0.8ySn»Te at low temperatures.
Furthermore, inspection of the tunneling da-
ta at 300 K indicates that the band gap in SnTe
at this temperature is approximately 0.18 eV,
i.e. , smaller than the gap in SnTe at low tem-
peratures. This decrease in the energy gap
with increasing temperature is opposite to the
temperature dependence of the energy gap in
PbTe. These results lead us to propose a band-

structure model for the. Pb~Sn1 &Te alloys in
which the valence and conduction bands of SnTe
are inverted from those of PbTe.

The valence- and conduction-band edges in
PbTe occur at the L point in the Brillouin zone.
It is believed that the valence-band edge is an

state and the conduction-band edge is an
L6 state. ' According to our proposed band
model, with increasing Sn composition the en-
ergy gap initially decreases as the L, and L,
states approach each other, goes to zero at
some intermediate composition where the two
states become degenerate, and then increases,
with the L,+ state now forming the conduction-
band edge and the L, state forming the valence-
band edge. Since the L, and L, states each
have only a two-fold spin degeneracy, their
crossover does not result in a semimetal but
in a semiconductor with the valence and con-
duction bands interchanged. Figure 2 shows
schematically the proposed valence and conduc-
tion bands for PbTe, for the composition at
which the energy gap is zero, and for SnTe.

In Fig. 3, we have plotted the energy gap as
determined by the luminescence data at low
temperatures and by the optical-absorption
data at 300 K. The gap energies determined
from the tunneling experiments in SnTe are
also plotted but as negative values to conform
with the proposed inverted-band model. A dashed
curve has been drawn through the low-temper-
ature data to indicate roughly the gap variation
with composition, and a parallel curve has been
drawn through the room-temperature data.
The extrapolations indicate that at 12 K the
energy gap passes through zero at 1-x = 0.35
whereas at 300 K this occurs at 1-x =0.62.
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The change in energy gap with composition
for the Pb~Sn1 xTe alloy series can be under-
stood qualitatively in terms of the difference
between the relativistic effects in Pb and Sn.
Conklin, Johnson, and Pratt' have calculated
the band structure of PbTe and have shown that
relativistic corrections are extremely impor-
tant in determining the positions of the ener-
gy bands. An estimate of the difference in these
corrections for the conduction and valence bands
of PbTe and SnTe can be obtained from the cal-
culated band functions of PbTe and the differ-
ence in the relativistic effects for the valence
states of atomic Pb and Sn. The band calcula-
tions indicate that about 36% of the valence-
band L, state comes from a Pb s state and

31% of the conduction-band L, state comes
from a Pb p state. The difference between the
relativistic shifts of the valence states of Pb
and Sn is 2.75 eV for the s states (6s for Pb
vs 5s for Sn) and 0.73 eV for the P states. Us-
ing these values, we estimate an upward shift
of the L, state by 0.99 eV and of the L, state
by 0.23 eV in going from PbTe to SnTe. This
corresponds to a relative shift of 0.76 eV and
indicates that the bands should cross at some
intermediate value of composition. The data
and interpretation indicated in Fig. 3 call for
a shift of only about 0.5 eV. Relativistic effects,
therefore, more than account for the change
in energy gap required by the model. On the
basis of the difference between the relativis-
tic shifts in Pb and Sn, similar variations in
band structure with compositions can be expect-
ed in the Pb&Sn1 &Se and PbxSn1 ~S alloys
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FlG. 3. Energy gap of Pb~Sn1 ~Te as a function of
mole fraction of SnTe, 1—x. The data points are ob-
tained from luminescence at 12'K, optical absorption
at 300 K, and tunneling in SnTe at 4.2 and 300 K.

with rocksalt structure.
Due to the energy-band crossover, the tem-

perature dependence of the energy gap for SnTe
and the Sn-rich alloys is of opposite sign and,
as can be seen from the data in Fig. 3, about
equal in magnitude to that of PbTe and the Pb-
rich alloys. This should be true for the pres-
sure dependence of the energy gap as well.
For alloys on the Sn-rich side of Pbp 65Snp 35Te
it should be possible to close the energy gap
by increasing the temperature. For alloys on
the Pb-rich side it should be possible to close
the energy gap by increasing the pressure.
The energy gap in SnTe should close at about
470'C whereas at 12'K the energy gap in PbTe
should close at about 25 kbar. For the alloy
Pb, „Sn, »Te, the energy gap at 12'K should
close at about 10 kbar assuming that the pres-
sure coefficient is the same as in PbTe. The
possibility of arbitrarily reducing the energy
gap by changing the composition or by varying
pressure or temperature is especially attrac-
tive for use in long-wavelength infrared detec-
tion as well as for tunable long-wavelength la-
sers. Unfortunately, many of the interesting
transport phenomena associated with small en-
ergy gap and small effective masses may be
obscured in the PbxSn1 ~Te alloys because
at present they can be grown only with very
high carrier concentrations. However, it should
be interesting to observe the luminescence as
the gap energy approaches the vicinity of the
optical-phonon energies. This occurs at 0.0135
eV or 92 p, (longitudinal) or 0.0039 eV or 320
p, (transverse) in PbTe. ' One would expect the
luminescence to be quenched in the vicinity of
these energies due to the possibility of nonra-
diative interband transitions via optical phonons.
On the other hand, this may result in the gen-
eration of unusually high optical-phonon den-
sities. If quenching does occur, it would also
be interesting to see if the luminescence resumes
at longer wavelengths and if so at what wave-
length it finally ceases.

We thank J. F. Miller of Battelle Memorial
Institute and A. E. Paladino of this laboratory
for supplying the Pb~Sn1 ~Te crystals, Mary L.
Barney, L. J. Belanger, and Mary C. Finn for
technical assistance, and L. Esaki and E. Q.
Bylander for communicating their results prior
to publication.
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CRITICAL CURRENTS AND SURFACE SUPERCONDUCTIVITY
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In a certain range of magnetic field, metals
for which the Ginzburg-Landau parameter ~

is greater than 0.417 are superconducting on-
ly in regions close to the surface —we suppose
the field to be directed everywhere parallel
to the surface. Superconductors with I(. & 0.417
include both type-2 superconductors (tc& 0.707)
for which this range of field extends from the
upper critical field of the mixed state (Hc2)
up to the nucleation field for surface supercon-
ductivity (Hc3), and the class of type-1 super-
conductor —we shall call them type-1-2 super-
conductors-for which the range of field runs
from the thermodynamic critical field (Hc) up
to Hc3 (0.417 & K & 0.707). The three critical
fields are related through &: Hc2=v 2&Hz, Hc3
= 1.695IIc2.' In a cylindrical sample whose
axis is parallel to the field, the surface super-
conducting layer forms a hollow cylindrical
sheath. Persistent currents induced by the
magnetic field as it is changed, inevitably,
from one value to another during the measure-
ment of magnetization, at constant tempera-
ture, can be expected to flow in this sheath,
just as they do in a superconducting tube, and
to produce hysteresis effects in the magnetiza-
tion curve: A hysteretic tail is observed in
the magnetization curves of type-1-2 ~' and
type-2 superconductors~; hysteresis due to
surface currents is also found in the mixed
state of type-2 superconductors. ' This type
of hysteresis can be distinguished from hys-
teresis caused in other ways by the form of
the minor hysteresis loops and its sensitivity
to surface condition. It is brought about be-
cause the component of magnetization I pro-

duced by the induced surface currents is dia-
magnetic when the field is increasing and para-
magnetic when it is decreasing. Let us call

l I l the surface current magnetization M. See
Fig. 1(a).

Fink and Barnes' have recently pointed out
that we must expect M for a cylinder in a field
parallel to its length to depend on the radius
of the cylinder (R) and they have described
a method of calculating it. Fink has applied
the results of that paper to the calculation of
the real and imaginary part of the ac suscep-
tibility. ' We have also calculated M, in the
same limit (R» A/~, where A is the penetra-
tion depth), but by a different method which
avoids some of the approximations made by
Fink and Barnes; our results are in general
rather smaller than theirs, particularly for
low values of w when the reduced field h is
small (h =HO/Hc2 where H, is the applied field).
In this Letter we describe our calculation ofI and also our calculation, by a similar meth-
od, of the critical current of a foil carrying
a current.

We assume the Ginzburg-Landau equations
and the expression for the free energy from
whose minimization they may be derived, to
describe the behavior of our material. Sup-
pose the surface of the material to be the plane
x = 0 and the surfa, ce current j = (0,j, 0) to be
everywhere normal to the field H = (0, O, H(x)).
We choose a vector potential A= (O,A, 0) and
write the order parameter g in the form

0/4. =f(~)e

where g, is the order parameter in zero field,
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