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The effect of the 2a recombination phonons in modifying the effective lifetime off for
quasiparticle recombination has been determined for the first time in a double-junction ex-
periment by comparing measurements taken both with and without a helium film covering
the junctions. For a double junction made from evaporated aluminum films 800 A thick de-
posited on a glass substrate, we find v~ff/js 8.6 +1.1 in the absence of the helium film,
and, at A/kT = 6, 7s = 1.4+ 0.1 psec.

In a superconductor, quasiparticles decay to
the ground state by forming pairs, and the energy
released in this process, called recombination,
is carried away by phonons' of energy Se & 2L.
These recombination phonons can modify the ex-
perimentally observed lifetimes for this process
by breaking pairs and thus creating new quasi-
particles, rather than simply escaping from the
superconductor. ' Several investigators have
tried to account for this effect in superconduct-
ing films by comparing samples which differed in
some parameter affecting the phonon escape rate,
such as the film thickness' ' or the substrate
onto which the films were evaporated, ' ' but
their results have been inconclusive, except to
verify the importance of this effect. This experi-
ment uses the double-junction method' for meas-
uring lifetimes, with the additional feature that
the phonon escape rate can be changed in situ by
covering the junctions with a helium film. Fur-
thermore, a second source of 24 phonons, gen-
erated by the relaxation of excited quasiparticles
of energy E ~3&, obviates the need for any theo-
retical description of the nature of the phonon
escape. With this method, the magnitude of the
effect of the recombination phonons, and hence
the intrinsic quasiparticle lifetime, can be di-
rectly determined.

The double junction consists of three super-
imposed superconducting films separated by two
tunneling barriers, forming two tunnel junctions.
One junction, called the generator, is biased at
a voltage leVI & 2b„,where it creates quasiparti-
cles in its two films. The other junction, called
the detector, is biased at a voltage less than 2A,
where the tunneling current measures the number
of quasiparticles in its two films. Using the
method of Rothwarf and Taylor, ' we have re-
solved the steady-state equations describing the
phonons and the quasipartieles in the double
junction by analyzing each of the three films sep-

where n„n,are the excess numbers of quasi-
partieles per unit volume in the two detector
films, I, is the rate at which quasiparticles are
created in each of the two generator films, ~~
is the recombination lifetime, and 7, is the aver-
age lifetime for a phonon of energy Sco & 2h to
break a pair. v& is a lifetime parametrizing
phonon escape, and depends on the acoustic coup-
ling of the films to the substrate, to a helium
film (if present), and to each other. In the non-
linear regime, where 7,&f is a function of n, 2nd
n„our result is equivalent to that of Rothwarf
and Taylor only if n, =n, or n, =0. This is true
for v& much greater or much less than 7„and
corresponds to most or none of the excess quasi-
particle population being produced from the re-
combination phonons. In this limit, and for small
deviations from linearity, we find

tt 1[l —(I +n )/2''j (2)

where N~ is the thermal number of quasiparti-
cles in the junctions per unit volume.

In terms of experimentally measured quanti-
ties, we have'

(
N~ )81g„() CI~.,

)
where 0 is the volume of the two generator films,
AIdet =Idet —Idet, T ls the change in the detector
current from its thermal value, Ig, „

is the gen-

arately. This is necessary because, while quasi-
partieles are directly injected only into the two
generator films, they are produced indirectly in
all three films through the action of the recom-
bination phonons. Details of the calculation will
be presented in a future paper. In the "linear
regime, "we obtain the same result for the ef-
fective lifetime v, && &

..

6(n, +n, )' =~s(I+7y/~, ),
BIO
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erator current, and f is a geometrical factor
describing the overlap of the junctions.

When the generator junction is biased at a volt-
age leVi) 4h, some of the created quasiparticles
will have an energy E ~ 34 and may relax to the
gap by emitting a phonon of energy hv ~ 2b, . This
source of phonons has the form

err. =K(V)[I,-I,(4~)], le VI- 4~, (4)

+drv 1 Gdrv(V)

Gd.y(v) -G w«(V)
~dr v

wet

Note that this result is independent of K(V).
We shall now discuss the assumptions involved

in the derivation of Eg. (7). We have assumed,
first, that no physical process, other than the
relaxation of injected quasiparticles by emission
of phonons of energy Sco~ 2h, can explain, in
part or in total, the jump in v, ff which occurs at
le VI =46; and second, that the constant K(V) is
unaffected by the presence or absence of the he-
lium film. We shall also explain how the quantity
G(V) is obtained from the actual experimental
data.

With regard to the first assumption, Lanca-
shire" has proposed that quasiparticles of en-
ergy E~ 36 may relax to the gap by pair break-
ing at a rate, in aluminum, comparable to decay

where Ore is the rate at which 2h phonons are
generated in each of the two generator films per
unit volume, I,(46) is the value of I, at le Vl = 46,
and K(V) is a constant (=0 for leVI & 4b, ) which
may depend on voltage, and in principle can be
calculated theoretically. This effect has been
studied by several investigators in experiments
using separate tunnel junctions as phonon gen-
erators and detectors. ' ' Some find that K(V) is
sharply peaked at 46, '0 "' while others"" find
that it depends only weakly on voltage above 4h.

The effective lifetime at le VI) 4h becomes"

7'elf i = 7~{1+ (5 /7 r)[1 + 2K(v)]}

and the nonlinear correction (2) still applies.
The jump in 7,&& which occurs at 4L, which we
call G(v), is given by

G(V)-=v, ff,q (le VI) 4b, )/7', ~q i (leVI & 4h)

=1+ K2(V)[vz/(r, +7&)]

Call r„„(vd&) the value of 7,f& ~, at a generator
voltage le VI & 4A in the presence (absence) of
helium. Measurement of v„«,vd, , G„„(V),and

Gd, )V) allows us to determine wdr&/T~ and hence
r„,from Eqs. (1) and (6):

by phonon emission. This would add a term K'(V)
x [Io-I,(4b, )] to the steady-state ecluations for
each of the two generator films, and the new re-
sult for G(V) would be enhanced by exactly K'(V).
Since this process results in three quasiparticles
near the gap, K'(V) should be very sharply peaked
at Ie Vl =44." None of the published data for alu-
minumv ~" shows this peak where it cannot be at-
tributed to nonlinear effects; hence we may safe-
ly conclude that the predominant relaxation proc-
ess in aluminum is by phonon emission, or, al-
ternatively, that a (V) —= K'(V)/[K'(V) + 2K(V)] is
small. Data for tin"'4 and lead" which do ex-
hibit a peak at le VI = 4h, could be interpreted as
evidence for this type of decay in those metals.

n(V) enters into our derivation of ~d,gv„as
V

7'~=(~d, y/v„),~[1—o.(v)],

where (vd, /Ys),
„

is the value obtained from the
data if n(V) is assumed to be zero. Therefore,
as long as n(v) is small, we can safely neglect
this effect.

With regard to the second assumption, Kinder
and Dietsche" have found that phonons scattered
off a helium film may be shifted either up or
down in frequency. This would have two effects
on the double-junction experiment when the he-
lium film is present. First, it would reduce ~
for the phonons produced in the recombination
process, since some would be scattered out of
range Lo ~ 2A. This would not affect our analysis
since 7„is just a parameter about which we make
no assumptions and which does not enter explicit-
ly into our final result. Second, K(V) would be
effectively smeared out, since it is a measure of
the rate at which relaxation phonons with ener-
gies Sw ~ 2h are produced. Fortunately, the im-
portance of this effect can be tested by comparing
the shapes of Tdzy and 7„«versus I~„bothabove
and below le VI = 46: If the curves are not simi-
lar in either region, the effect is important. In
this case, and because there may be other struc-
ture in v, && due to effects associated with the en-
ergy distribution of the quasiparticles or pho-
nons, "or to gap anisotropy, "G must be labeled
as G(V&, V&), where V& and V& are the generator
voltages above and below 4b, /e used in the meas-
urement. Insofar as it may affect the determina-
tion of vlf f/Ts the only restriction of V& and V&

is that they be chosen in regions where the shapes
of the curves do not change in the presence or
absence of helium.

Our double junctions were of the type Al-oxide-
Al-oxide-A1, where the aluminum films were
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evaporated onto a fire-polished glass slide at
rates a 5 A/sec at pressures & 10 ' Torr, and
were of equal thickness. The oxide layers were
grown by exposing the films to wet oxygen for
various lengths of time. The resistances of the
detector junctions are typically ~ 1 0, and the
generator junctions =1000 0, where the junction
area is = 2 mm'. All the experiments were per-
formed in a 'He refrigerator in magnetic fields
& 0.01 G normal to the films and ~ 20 G parallel
to the films. Helium could be admitted to or re-
moved from the sample chamber through a capil-
lary tube, and the film thicknesses, as deter-
mined from measurements of third-sound veloc-
ity, were greater than eight atomic layers, which
was thick enough that the addition of more helium
had no noticeable effect on T,ff.

Figure 1 is an experimental graph of BId„/BI,„,
taken at a temperature 7.' = 0.41 K, for a sample
made from 400-A-thick films. Two curves are
displayed: The full curve, taken in the presence
of a helium film, has a vertical sensitivity twice
that of the dashed curve, taken in the absence of
helium. Both curves show the change of slope at
6h and the peak at ~ 2L which are of the same
origin as the structures seen in the experiments
using separate tunnel junctions as phonon detec-
tors and generators. The full curve has a sharp-
er tail at voltages just below 46 and a more pro-
nounced dip at a voltage = 2.5A. Both of these
structures are probably due to the phonon fre-
quency-conversion process mentioned above.
Most importantly, the jump at 4h is noticeably
different in the two curves.

G„«(V&,V&) and Gd, (V&, V&) are calculated at
voltages V& =56./e and V& =36./e, where the
shapes of the two curves are similar and the ef-
fects of the finite modulation current 5I&,„are
~important. Tdr y

and Twet are measured at a
generator current about halfway up the jump at

"det
ange

Vde) =-IOOp. V

1 I I I I I I
I I I I I I I

2h, . All measurements are taken at both posi-
tive and negative generator currents and detec-
tor biases of + 100 p, V, and then averaged. The
measurements were found to be reproducible
from day to day.

Our data for three samples are summarized in
Table I Tdpy and T„«both show the exPected
temperature dependence, ™N~', and are simi-
lar in magnitude to other published results. "
Systematic errors in the lifetimes due to, for
example, uncertainties in the junction geometry
could be as high as 25/g, these would not, how-
ever, affect the observed temperature depen-

FIG. 1. BI«~/Bl «versus I«„for sample No. 2 at T
= 0.41 K. The corresponding generator voltages eV/6
are in parentheses. Two curves are shown: The full
curve was taken with a helium film covering the junc-
tions, and has twice the sensitivity of the dashed curve,
taken in the absence of helium. See text.

TABLE I. Summary of experimental results.

Film
thickness 2& T ~d ry Ywet

Sample (A) (p V) (K) (@sec) (p, sec) Gd~y

~drv

TR

800

400

400

890 0.42 6.59
0.40 9.17
0.88 12.43

894 0.45 8.91
0.41 6.10

898 0.45 4.47

4,08
5.46
7.69

1.82
2.95
2.01

2.98
2.98
3.01

Average:
2.88
2.92
2.86

2.78
2.82
2.86

2.68
2.64
2.54

7.0
9.4
9.8

8.6 + 1.1
9.6
8.8
8.1

1599



VOLUME 35, NUMBER 23 PHYSICAL REVIEW LETTERS 8 DECEMBER 1975

dence or the ratio 7d, y/~s. The estimated un-
certainties for 7~,y/v„are on the order of 10-
15'fq, this agrees well with the statistical error
calculated for the 300-A sample based on the
assumption that v@&/rs is independent of temper-
ature. Its value for this sample, 8.6+ 1.1, is
consistent with recent estimates by Long, "but
much greater than earlier calculations. '&' Also,
the magnitude of the deduced intrinsic lifetimes,
vs = 1.4+ 0.1 p, sec at a/kT = 6, is significantly
smaller than the theoretical prediction of Gray. "

A more complete description and other aspects
of this experiment will be published elsewhere.
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It is shown that a deformation-dipole model more general than that of Hardy follows
rigorously from Zeyher's microscopic theory of lattice dynamics of ionic crystals. In
addition-to the self-energy correction term due to the electric dipoles in Hardy's model,
Zeyher's theory gives a similar term due to the deformation dipoles. The general shell
model corresponds to a special form of the new deformation-dipole model.

The two commonly used and quite realistic phenomenologieal models of lattice dynamics of ionic
crystals are the deformation-dipole model (DDM) and the shell model. ' Almost all the microscopic
calculations so far have been compared with the shell model only. Recently, Zeyher has developed a
microscopic theory of lattice dynamics of ionic crystals in terms of highly localized nonorthogonal
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