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tial may also explain the absence of intrinsic lo-
calized states on ideal oxide-coated silicon sur-
faces. ' In tunneling experiments, oxide and vac-
uum behave quite similarly and it is perhaps par-
adoxical that they should have such different in-
terface state distributions. In a one-dimensional
model, a band gap may be denoted as "S"or "n-
S" according to whether or not it gives Shockley
states. Matching arguments indicate that no lo-
calized states will exist at the boundary between
two S-type materials. The absence of intrinsic
states on oxides and ionic crystals has formerly
been interpreted as resulting from an n-S gap,
in which case surface states should exist at an
oxide-semiconductor interface. However, the
present results and the recent extension of the
pseudopotential scheme to MgO" suggest that
the gap in the oxide may be basically S-type, giv-
ing no surface states for oxide-coated silicon or
germanium, but with the bands on the oxide-vac-
uum interface so separated that they are near
the edges of the bulk band gap and produce no de-
tectable consequences.

The results described here will not necessari-
ly be identical to those obtained for other crys-
tallographic faces. The (110) face is of particu-
lar importance, however, since the semiconduct-
ing compounds generally cleave at this face.
Calculations on other faces are in progress.

I am indebted to Dr. V. Heine for many stimu-
lating discussions and to Dr. N. %. Ashcroft,

Dr. T. K. Bergstresser, and Dr. L. M. Falicov
for helpful conversations.
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RECOMBINATION TIME OF QUASIPARTICLES IN SUPERCONDUCTING ALUMINUM
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(Received 13 March 1968)

The quasiparticle recombination time v~, has been measured in superconducting alum-
inum films. The temperature dependence of ~z at low temperatures was found to be in
good agreement with theoretical expectations.

We have measured the recombination time of
quasiparticles in superconducting aluminum by
a method simila, r to that of Miller and Dayem
(MD). ' In contrast to their results, but in agree-
ment with theoretical expectations, '&' the recom-
bination time ~z was found to be nearly propor-
tional to exp(h/kT) at low temperatures. Here,
& is the (temperature-dependent) energy gap and
T the temperature. MD found a much weaker
temperature dependence of the form exp(=0. 3&/
k T).

As the general experimental technique was ade-

quately described by MD, we give only a brief
description here. The measurements were
made with a double tunnel junction, shown in
Fig. 1(a). Care was taken to prevent direct con-
tact between the indium film and the bottom (400
0

A) aluminum film. Excitations (essentially un-
paired electrons) are made at a steady rate in
both aluminum films by biasing the aluminum-ox-
ide-aluminum tunnel junction (generator) at a bi-
as voltage V&2gAI/e, where EAI is the energy
gap in the aluminum. This increases the quasi-
particle density above the thermal equilibrium
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sample temperature.
The change in quasiparticle density 5n corre-

sponding to the change in generator current 5I&
was obtained from the corresponding difference
in peak height 5Ip. Apart from some differenc-
es in instrumentation, the major difference be-
tween our measurement and that of MD was the
procedure used to obtain the change in density
6n from the change in detector current. The de-
sired quantity is dn/dip. Because the two meth-
ods yield different results, we will describe
them in some detail. MD measure the current
at a bias corresponding to the flat region above
the peak [see Fig. 1(b) j and calculate the sensi-
tivity from an approximation based on the stan-
dard expression for the tunnel current. ' How-
ever, it is possible to obtain this factor more di-
rectly by measuring the peak current Ip as a
function of temperature. One then has

FIG. l. (a) Geometry of double tunnel junction (not to
scale). The films are separated by thin oxide layers.
(b) Schematic representation of I-V curves for detector
and generator junctions.

value by an amount proportional to 7~. The in-
crease in density in the center film is obtained
from measurements made on the current-voltage
(I-V) relation of the aluminum-oxide-indium junc-
tion (detector) allowing a determination of the
lifetime.

In Fig. 1(b), we indicate schematically the I-V
relations for each junction in order to illustrate
the salient features. The generator was operat-
ed on the nearly vertical portion of its character-
istic, so that excitations were created only
slightly above the gap edge in the aluminum
films. Part of the detector current arises be-
cause of the presence of excitations in the cen-
ter alumi. num film; consequently, an increase in
detector current proportional to the excess quasi-
particle density occurs when the generator is
turned on. The most sensitive region of the de-
tector characteristic is at the peak at voltage
(& ln&~ ) 1/.eHere, &ln is the indium energy
gap. The measurements were made by sweeping
out the detector I-V characteristic twice in rapid
succession, with the generator current set at dif-
ferent values for the two sweeps. The traces,
were converted to digital form and stored in adja-
cent halves of a 1024-channel memory. Addition-
al sweeps were added coherently until an accept-
able signal-to-noise ratio was obtained. This
technique was effective in suppressing the ef-
fects of slow drifts in the ampl'ifiers and in the

dn/dl = (dn/dT)/(dl /dT).
p

Here, n(T) is obtained from the standard BCS
expression:

2 j.

n(T) =constf&& [E/(E -6&1 )']

(
E/kT )-1

This has the advantage of canceling out most of
the potential errors associated with the measure-
ment, as both Ip and alp are measured simulta-
neously, with the same equipment. In addition,
the result is less sensitive to departures of the
density of states from the BCS form caused by
anisotropy, inhomogeniety, and other effects
which tend to broaden the gap edge. The final ex-
pression for calculating the recombination time
is

=AQe(dn/dl )(51 /6I ),
p p

where A is a geometrical factor related to the
overlaps of the junctions, and 0 is the volume of
the center film.

Rothwarf and Taylorv have pointed out that the
experimental lifetime may appear longer than
the actual recombination time because the pho-
nons emitted during the recombination process
have a high probability of creating new quasipar-
ticles before leaving the film. According to
their analysis, this will introduce a proportion-
ality factor between the experimental and true
lifetimes of approximately 3 for our geometry.
Because of uncertainties in calculating this ef-
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feet, we give only the experimental lifetime.
This is shown in Fig. 2 plotted as a function of
&Al/kT. A least-squares fit to the low tempera-
ture data gives a temperature dependence of the
form exp(p&AI/kT) with p=1.19+0.20. The er-
ror estimate given above includes the error in
the determination of ~Al, which may be as large
as 10% because of the finite width of the energy
gap in the aluminum and indium films. Theoreti-
cally, it is expected that p, =1. The recombina-
tion process requires the presence of a second
(thermal) quasiparticle; from Eq. (3), the densi-
ty of such quasiparticles at low temperature and
hence the recombination rate (~~ ') are seen to
vary as exp(-&Al/kT). If our data are analyzed
by the method of MD, we find p, = 0.8, so that on-
ly part of the difference between our results and
theirs (p = 0.3) is accounted for by the differ-
ence in analysis. At higher temperatures, 7~ ap-
pears to level off and perhaps inci ease, as not-
ed also by MD. Recent calculations by Scalapino'
predict a similar increase in recombination
time near the transition temperature T~. Near
T~, the energy gap and hence the energy of the
emitted phonons drop rapidly with increasing
temperature, leading to a decrease in the amount
of phase space available for phonon emission,
and thus to a decrease in the recombination rate.
Unfortunately, the combination of short lifetime
and a large thermal detector current make the
measurements difficult in this region.

We have also studied the effects of magnetic
fields on the recombination rate. Fields up to
several hundred oersteds applied in the plane of
the films appeared to have little effect on ~~,
apart from small changes caused by the small
reduction of energy gap. In contrast, fields ap-
plied normal to the film surface caused a marked
reduction in &~ at low temperatures. Thus, a 3-
Oe field reduced ~~ at the lowest temperatures
(&Ai/k&=6) to approximately ~s of the zero-field
value, while a 5-Oe field reduced 7z nearly to
the normal-state value, almost independently of
temperature. Despite these large changes in re-
combination rate, the I-V characteristics of the
junctions were only slightly changed. We believe
recombination in vortex cores to be responsible
for this effect. Because of the large ratio of
film width to film thickness, flux enters the film
at very low fields, presumably in the form of
quantized vortices having cores with properties
similar to the normal state. Because of the
very rapid diffusion of the quasiparticles, which
travel at nearly the Fermi velocity, the lifetime
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FIG. 2. Quasiparticle recombination time vz as a
function of DAI/kT. The different symbols correspond
to separate runs with the same sample. Error bars
have been omitted for clarity.

will be reduced very rapidly by the addition of a
relatively small number of vortices. While we
have not made a detailed calculation, a simple
estimate indicates that a field of a few oersteds
could produce the observed results. In support
of the above hypothesis, the field effects were
found to be highly irreversible as normally ob-
served for flux trapping effects, and appeared to
be controlled by the indium film.

We have observed an additional effect which
may be related to the phonon reabsorption dis-
cussed by Rothwarf and Taylor. As pointed out
by MD, a part, I,(T), of the generator current
arises from the transfer of thermal excitations
and should not lead to an increase in the number
of excitations in either aluminum film. Experi-
mentally, we find that the portion of the genera-
tor current which is actually ineffective in creat-
ing excitations is substantially smaller than ex-
pected. We believe the reason to be the follow-
ing: The thermal quasiparticles lie close to the
gap edge prior to tunneling, and will be raised
above it by an amount slightly in excess of 2~Al
because of the applied voltage. The results of
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MD and others' indicate that the quasiparticles
will first relax to the gap edge, giving up their ex-
cess energy in the form of phonons of energy
=2~Al before recombination takes place. Since the
phonons appear capable of creating new quasiparti-
cles, one would expect that only a portion of Io(T)
is actually ineffective in creating quasiparticles,
as observed. It should be possible to obtain infor-
mation on the phonon reabsorption process from
detailed measurements of this effect.

We would like to thank Professor D. J. Scalapi-
no for helpful discussions.
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We have studied polarization effects in spin-
wave scattering of thermal neutrons. In the
case of a ferromagnet we have studied the polari-
zation created along the scattering vector when
an initially unpolarized beam is scattered. We
have also observed the partial or complete rota-
tion of the polarization vector when an initially
polarized beam is scattered by spin waves in a
ferromagnet and in an antiferromagnet.

The instrument us ed in thes e experiments was
a triple-axis polarized-beam neutron spectrome-
ter' at the research reactor, HFIR (high-flux iso-
tope reactor), shown schematically in Fig. 1.
The first axis holds a Co-Fe polarizer and mono-
chromator, the second axis holds the sample un-
der investigation, and on the third axis is a Co-
Fe crystal which serves as an analyzer for both
neutron polarization and energy. All three axes
also hold magnets, in the gaps of which the crys-
tals are mounted. Flipper rf coils for reversing
the neutron polarization are mounted both before
and after the sample. The fields on the polariz-
er and analyzer are always kept vertical. The
sample magnet together with guide fields 2 and 3
can be rotated so that the polarization vector
and field on the sample can be either vertical or
horizontal, i.e., either perpendicular to or
along the scattering vector. The incident beam
may be depolarized by inserting an iron shim in
front of the sample. Without a shim the flipping
ratio measured in elastic scattering is -100.

Polarization creation was studied in a sample
of lithium ferrite, Li, ,Fe, ,04. Low-energy fer-
rimagnetic spin waves are known to obey a qua-
dratic dispersion law' and thus behave like ferro-
magnetic spin waves. Hy confining the observa-
tion to positions close to the (111) reciprocal lat-
tice point, the contribution of nonmagnetic, nu-
clear scattering components is negligible. Fig-
ures 2(a) and 2(b) give the number of neutrons
counted when the rf between the sample and anal-
yzer is on or off and the incident beam is depo-
larized. The sample crystal has been turned out
of its position for elastic reflection and only neu-
trons scattered by spin waves of -3 meV are re-
flected, in one case by spin-wave annihilation
and in the other case by spin-wave creation.
The curves show that neutrons scattered by spin
waves are spin polarized along the scattering
vector, and that neutrons scattered by creation
and by annihilation of spin waves are polarized
in opposite senses.

The rotation of the polarization vector of an
initially polarized beam was studied on the
sample, and it was found that complete reversal
takes place regardless of whether the initial
beam polarization is along or perpendicular to
the scattering vector. Polarization rotation was
also studied by spin waves from antiferromagnet-
ic +-Fe,O, . Observations were made close to
the rhombohedral (111) reciprocal lattice point,
which is known to allow observation on spin


