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ise to give detailed information on the conduc-
tion-electron spin-flip correlation time in the
ground state and will be considered in detail
in a subsequent publication.
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Recently' there has been considerable inter-
est in the decay of excited quasiparticles in
superconductors. It has been conjectured' that
an excited quasiparticle of energy E decays
via a two-step process. The first consists of
a relaxation in time && to energy 6, where
2h is the energy gap of the superconductor.
This process occurs primarily by emission
of a phonon of energy E-h. '~3 The second step
is recombination in time 7R of two quasipar-
ticles at energy 6 to form a Cooper pair and

is accompanied by the emission of a phonon
of energy 2b.4~'

We have measured for the first time ~& in
thin aluminum films at 0.37 K and find that
7& decreases exponentially as a function of
(E —6)/6 and is -0.5&10 8 sec at (E L)/L = 1.0. —

We have also measured 7R as a function of
temperature and find that at 0.37 K, 7R-1.0
x 10 sec and that it decreases with increas-
ing temperature up to T- 1.2'K. At tempera-
tures above 1.2 K, 7R appears to increase
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FIG. 1. Sample geometry.

slightly.
The measurements were performed on two

superimposed superconducting tunnel diodes
(Al/Al, O,/Al/Al, O,/In in the present case)
formed by the successive evaporation of three
film stripes as shown in Fig. 1. Care was tak-
en to insure that the top and bottom stripes
were not in contact. The Al/A1, 03/Al diode
(diode 1) is biased such that quasiparticles
are injected into the center aluminum stripe
and, depending on the relaxation and recombi-
nation times, causes an increase in the steady-
state quasiparticle distribution in the center
film. This new distribution is probed by the
second diode (Al/A1, 03/In) and shows up on
its I-V characteristic. ~ In order to obtain a
measurable change in the I-V curve due to in-
jection, it is necessary to make the center
stripe as thin as possible.

In Fig. 2 we show a series of I-V curves tak-
en on diode 2 at 0.37'K for various voltages
on diode 1. Here 6,=0.221 mV and 62=0.571
mV. We note that for V, =2A, (curves 0 to 10)
all tha the curves are similar to one another. For
these biases on diode 1 all the injected quasi-
particles are at E -6, and the change in the
quasiparticle population is proportional t0 7g.
At biases where V, ) 2A, we note that in the
region V, & A, -A, each curve deviates from
its predecessor, in contrast to the similarity
between the curves obtained at V, =26,. These
deviations occur for the following reason. The
injected quasiparticles are now in the energy
range 6, E V, —6,. Because of the singular-
ities in the quasiparticle density of states in
the Al films, the injected quasiparticle distri-
bution will have one singularity at E = V -61 1
and another at E =6,. The singularity at E = V1
—6, should, according to theory, produce a
jump in the current I, at V = V = 6 + 6 —V2 T j. 2

The height of this jump should be proportion-
al to ~T(E). Experimentally this jump is round-
ed off and shows up as a deviation between the
successive curves depicted in Fig. 2. The round-
ing off of the current jump is probably due to
thermalization and the finite width of the In
gap edge (30 p. V).

In order to evaluate w& we consider only those
curves corresponding to injection at V, = 2A, .
For a given injection current I„ the number
of excited quasiparticles tunneling into the mid-
dle stripe is not proportional to I„but rather
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to (I,—I,'), where I,o is the contribution of ther-
mally excited particles. Referring to the semi-
conductor model of excitations in a supercon-
ductor, one ean easily find that the current
due to thermally excited particles is composed
of two equal parts, one creating and the other
destroying an equal number of excited quasi-
particles in the middle film. We assume, there-
fore that at Vy 2Ay all the injected quasipar-
ticles lie in a narrow energy band at the top
of the Al gap. In the steady state the change
in the current I, at any bias V2 ~ lak2 Ay is pro-
portional to 7R(I, I,'). —Because of the insta-
bility near the negative resistance region we
choose a fixed bias U, = 0.6 mV which lies at
a stable point in the temperature range of in-
terest. At this bias the quasiparticles near
the top of the Al gap tunnel to the In film into
a fairly constant density of states whose val-
ue is 1.4 times the normal state density. With
this in mind it is easy to show that the recorn-

bination time is given by

A ev(l)b, l (V )

R Ai2 1.4C(Ii-I, )

where b I2(VR) is the change of I, correspond-
ing to a given injection current I„. v(1) and A,
are the volume and area, respectively, of the
second stripe common to diode 1; A» is the
area of the center stripe common to diodes
1 and 2 (see Fig. 1); and C=o,(~)/2eN, (0) is
a constant for a given diode. Here a, (~) is the
conductivity of diode 2 in the high-voltage lim-
it, and 2N, (0) =3.33&1022 eV ' cm s is the nor-
mal density of states for both spins in Al. 8 In
our case C = 1.97&&10 "C sec ' cm' for the
diode used in run 12.

In order to obtain 7T(E) it is necessary to
compute the jump in current I, expected at V2
= VT =~1+~2-V1 and then compare with the
experimental jump. From tunneling theory
one finds that the jump in current is proportion-
al to

~V -~ (E U)(E+V-)dE V -b,
T 1/2

[(V -~ ) —& ']' '~ ([(E-V ) —6 '][(E+V )'—b, '])"' [(V -6 )2-6 2]» 2
1 l.

If we denote the measured increment in current
at VT=A2+b, I —Vl by DI2(VT) then

&I (V )esN (0)v(1) A

~ (V-~)=
T 1 1 Wo, (~)v, (~) A„ (2)

Since we are interested in the steady-state
population at E = U, -4, due to the relaxation
from E = V, -h„any excess population from
thermal tails extending up from energies E( V,
-6, must be taken out. We find that the best
way to achieve this is to take AI2(VT) as the
difference in current at VT between the given
curve and its predecessor, the latter current
being nearly equivalent to the thermal tail orig-
inating from energies E & U, -h, .

In Fig. 3(a) rR is plotted as a function of tem-
perature. 7R was determined by plotting b, I2(VR)
vs Ij at various temperatures and taking the
slope of this curve as (I,—I,') goes to 0. Thus
we obtain the dependence of v& on temperature
in the limit of zero injection. The temperature
dependence of T& has been calculated by Schrief-
fer who finds that for b, /kT» 1

- (6/kT)"'exp(A/kT),

!
which gives a much stronger temperature de-
pendence than that indicated in Fig. 3(a). We
find that for 6/kT) 3, vR-exp(0. 36/kT). At
present we are unable to account for this dis-
crepancy.

In Fig. 3(b) we plot ~T vs (E—6,)/b. , at 0.37'K.
We find tha, t TT(E 6) = 1.11&&10—7exp[ —3.34(E
—4)/6]. The fact that ~T is at least an order
of magnitude less than v& means that all inject-
ed quasiparticles first relax to the top of the

gap and then recombine as discussed earlier.
In the present experiment it is difficult to mea-
sure ~T as a function of temperature because
of the large thermal quasiparticle population
at higher temperatures.

Several factors have to be taken into account
in determining ~~ and 77 by the present meth-
od. These are (1) heating of the diode by the
dc power input, (2) diffusion of the quasipar-
ticles away from the common area of the diode,
and (3) loss of excited quasiparticles in the
center film due to straight through tunneling'
where an injected quasiparticle traverses the
second film and tunnels directly into the top
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film (In). Heating will cause the total number
of quasiparticles to rise and will thus cause
z& and 7.T to appear larger than they are. A
series of measurements were made on the rise
in temperature of the middle film as a function
of injected power by noting the change of the
Al energy gap, as measured by diode 1, as
a function of input power from diode 2. In this
way we were able to estimate the heat rise of
the middle film and we find that any error in-
troduced by heating is less than 10% at the in-
jection levels used in determining 7~ and 7.T.
Diffusion will reduce the number of quasipar-
ticles present and thus cause T~ and ~T to ap-
pear smaller than they are. We find the dif-
fusion length of quasiparticles in the middle
film to be about 2x10 ' cm, much sma1ler

FIG. 3. (a) Plot of 7'~ vs 4/kT. The indicated er-
rors are relative errors only. (b) Plot of TT vs (E—D)/
A at 0.37'K. The indicated errors are relative only.

than the width of the stripes. Diffusion errors
are thus only about 10 k. The straight-through
tunneling process will give rise to an excess
current I,' in addition to I, and makes T& and

TT appear larger. We find that I, '/I, ( 10
The over-all absolute errors in measuring
Tg and wT are about 30 lo and come mainly from
error in measuring film thickness. We also
studied the variation of AI2(VR) over a. wide
range of injection current I, at various temper-
atures. The curves obtained have a number
of interesting features which will be described
in a later publication. Among these features
we find the following: (1) aI2(V&) =0 for I,—I,'
~ 0 showing that indeed the current from ther-
mally excited quasiparticles does not produce
net excitations in the middle film. (2) For the

range of values of Iy at Uy 26„ the behavior
of &I2(V&) is such as to show clearly the de-
crease of 7~ with increasing steady state qua-
siparticle population. This is particularly prom-
inent at low temperatures where the original
thermal population is relatively small.

In conclusion, we have developed a method
by which we have measured T~ and TT as a
function of temperature and energy, respective-
ly. In addition to this we are able to measure
the dependence of ~& on quasiparticle density
at a given temperature and the energy profile
of the excited quasiparticles. By using these
techniques we are better able to understand
the quasiparticle relaxation and recombination
processes in superconductors. In the future
we plan a further study of Al as well as other
superconductors using these techniques.
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In a recent Letter, Williams and Simon' claim
to have determined by direct measurement the
mean free path for energy loss to phonons of
energetic electrons in GaP. The mean free
path they obtain is, however, of questionable
significance since it is based on a greatly over-
simplified view of hot-electron transport in
this material. This is true also of previous
determinations of this mean free path. '

It is assumed by Williams and Simon that
the energy loss per collision is 0.050 eV, the
longitudinal optical (LO) phonon energy at the
center of the Brillouin zone. ' This type of pho-
non may well be predominant for losses of low-
energy electrons. Polar optical scattering is
known to be important at low fields in GaP at
room temperature. &' It is not, however, the

only important scattering process, even in rel-
atively pure material, since the mobility cal-
culated for this mechanism ig greater than the
observed mobility. 4~' It has been speculated
that acoustic deformation-potential scattering
is the other process of importance, ' but it could
well be that that process is scattering among
the equivalent (100) valleys. The latter is the
predominant scattering process for the (100)
minima in silicon. In support of this hypoth-
esis, Epstein' notes that the Hall mobility at
300' and above shows a somewhat stronger
temperature dependence than could be account-
ed for by a combination of polar and intraval-
ley acoustic-mode scattering.

The rate of energy loss of an electron of en-

!
ergy 8 to polar modes is'

dSi 2eZ a(u g 'q» (g )»2

dt ) (2 g), g
—, (N + ) cosh ] Nsinh-

po

where e is the electronic charge; a~ and N&~ the angular frequency and number, respectively, of
LO phonons; and I 0 an effective field whose magnitude is a measure of the coupling to the LO pho-
nons. If (1) is plotted versus 8, it is found that for the slowest electrons (dS/dt)po &0, indicating
net gain. As S increases, (dS/dt)po becomes negative and its magnitude increases. The magnitude
of the loss rate reaches a maximum and then decreases as 8 increases further, eventually as 1nS/h"'.
For GaP this maximum is reached at 8 =4+~~ or 0.2 eV. The rate of loss of electrons in the ith
valley due to intervalley scattering is given by

(
dS) D '(m )"'

=) '~„, ~, [(N . . +1)(S-a(u. .-S .)"'-N . .(8+&(u. .-8 .)"']
dt ). 2"'wn'p qij ij Qj qij ij Oj

IV

where the sum is taken over all possible final valleys; D,j and w,j are the coupling constant and an-
gular frequency, respectively, for the transition i =j; N&~& is the number of phonons with angular
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