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Al-A1203-Al-A1203-Al tunnel junctions have been used to induce and detect enhancements

of up to 40% in the energy gap of superconducting aluminum. Quasiparticles are extracted from

the middle aluminum film through the first tunnel junction into an aluminum film with a larger

energy gap, and the gap enhancement in the middle film is measured from the characteristics of
the second tunnel junction. A theory developed for the enhancement is in good agreement with

the experimental results for bias voltages below the difference of the energy gaps, but overesti-

mates the enhancement at higher voltages. This discrepancy is believed to arise from the effects
of nonequilibrium phonons, which are neglected in the calculation. The low-voltage data are

consistent with a value of about 80 ns for the characteristic electron-phonon scattering time, To,

in aluminum films with an average transition temperature of 1.34 K.

I. INTRODUCTION

Wyatt er al. ,
' Dayem and Wiegand, 2 and (later)

Latyshev and Nad, observed that the critical current
of Dayem bridges could be enhanced by microwave
irradiation. This enhancement was first successfully
explained by the work of Eliashberg and co-workers. 4

In their model, photons of frequency less than 2b, /h,
where 4 is the energy gap, excite quasiparticles from
low-lying states to states of higher energy, thereby
making additional pair states near the Fermi wave
vector, kF, available for occupancy. Since pairs near
kF contribute most strongly to the pairing interaction,
this redistribution of pair-state occupancy increases
the condensation energy, and leads to an enhance-
ment of b, and hence of the critical current. In the
Eliashberg model, the quasiparticle recombination
rate is assumed to be independent of energy, so that
the number of quasiparticles remains constant.
Furthermore, the phonons are assumed to be in ther-
mal equilibrium. More recently, Chang and Scalapi-
no5 used the coupled kinetic equations for quasiparti-
cles and phonons to compute the gap enhancement
using a realistic energy-dependent recombination
rate, and taking into account the nonequilibrium pho-
non population. They find that a substantial contri-
bution to the gap enhancement arises from the
reduction in the quasiparticle population as the aver-
age quasiparticle energy is increased by the mi-
crowave pumping.

Several further experiments have by now strongly
supported the concept of gap enhancement. These
include the phonon-induced enhancement of the crit-
ical current of superconducting microbridges and
point contacts, the microwave-induced enhancement

of the critical currents and transition temperatures of
aluminum strips, ' the microwave-indtuced enhance-
ment of the voltage at which gap structure occurs in
point contacts, and the direct tunneling measure-
ment of microwave-induced gap enhancement in
aluminum films. 9 More recently, Gray ' observed
energy-gap enhancement by quasiparticle tunneling
between two identical superconductors. In this case,
the average energy of the quasiparticles is increased,
and the enhancement is again a result of the Eliash-
berg mechanism. Gray presented results showing an
enhancement of about 0.5%, and reported enhance-
ments of up to 10%. Peskovatskii and Seminozhen-
ko" have calculated the expected enhancement as-
suming an equilibrium phonon population, while
Chang' has computed the enhancement taking into-

account the energy-dependent scattering rate and the
nonequilibrium phonons. His calculation predicts an
enhancement that exceeds Gray's observations by a
factor of about 4.

Long before these experiments were performed or
these theories developed, Parmenter'3 proposed that
5 could be enhanced by the extraction of quasiparti-
cles through a tunnel barrier into a second supercon-
ductor with a larger gap. This process is illustrated in
Fig. 1 for b~ &62, using the semiconductor tunneling
mode1. ' Because of the difference between the ther-
mal populations of the two superconductors at vol-
tages below (h~ + b,2)/e "electrons" tunnel from su-
perconductor 2 to superconductor I (a process that
reduces the quasiparticle population in 2) with a
higher probability than "holes" tunnel from 1 into 2
(a process that increases the quasiparticle population
in 2). Thus, a first-order effect of the tunneling pro-
cess is the net reduction in the quasiparticle popula-
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II. EXPERIMENT

FIG. 1. Semiconductor model of tunneling between two

superconducting films with 5» ) h2, biased at a voltage
V = (ht —h2)/e. The upper arrow indicates "electron" tun-

neling, and the lower "hole" tunneling.

tion of 2, and a subsequent enhancement of the pair
population. This enhancement will be reduced to
some extent by the diffusion of recombination pho-
nons with energies «2'» &2lL2 from superconductor
1 into superconductor 2.

In Sec. II we report experiments demonstrating gap
enhancement in aluminum by the tunneling e,xtrac-
tion of quasiparticles. Enhancements of up to 40%
have been observed. In Sec. III, we develop a simple
model of the enhancement that assumes that the
phonons remain in thermal equilibrium. At voltages
below (At —42)/e, the model can be fitted to the ex-
perimental data with a characteristic electron-phonon
scattering time" vo of about 80 ns for an average
transitiori temperature of 1.34 K. This value is in
reasonable agreement with the value obtained by Chi
and Clarke' using charge-relaxation measurements.
At voltages above (ht —A2)/e, however, the theory
predicts a much greater enhancement than is ob-
served experimentally. %e believe that this
discrepancy is the result of neglecting the effects of
nonequilibrium phonons. Section IV contains our
discussion and conclusions.
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FIG. 2. (Left) plan view of sample configuration; (right)
section cc of sample (film thicknesses greatly exaggerated).
Width of films l and 3 is 3 mm.

The sample consisted of three superimposed films
evaporated onto a glass slide to form two tunnel
junctions (Fig. 2). Two insulating layers, one of Sio
and one of Duco cement, masked all the edges of the
films from the ju'nctions. The lower (extraction)
junction between films 1 and 2 was of low resistance
to produce a high current density at the voltages
below (ht + d 2)/e necessary for extraction from film
2. The upper (detection) junction between films 2
and 3 was of relatively high resistance so that its
current-voltage characteristic could be used to deter-
mine 6,2 without significantly perturbing its value.
Since the degree of gap enhancement was expected to
be proportional to ro, we chose Al for film 2, as this
material has the longest vo of any superconductor
with a transition temperature in the liquid-4He tem-
perature range. It was necessary to make 5» greater
than A2 in order to achieve quasiparticle extraction
from film 2, and h3 greater than 42 so that 42 could
be determined with reasonable accuracy close to the
transition temperature, T,2, of film 2. Al was also
used for films 1 and 3, with the transition tempera-
tures enhanced by oxygen doping. Thus, films 1 and
3 were evaporated at a pressure of typically 10~
Torr, while film 2 was evaporated at 10~ Torr,

The sample was immersed directly in liquid helium.
The I~ - V~ characteristics of the detection junction
were studied as a function of the extraction current
I, . Gap enhancement was always observed in Al(2)
provided that the quality of the extraction junction
was such that its zero-voltage quasiparticle conduc-
tance was no more than 5% greater than the value
calculated using the measured values of 4», 42, and
the junction resistance. Of the 11 samples in which
we observed enhancement, we present results on the
two which showed the greatest enhancement,
A and 8. Table I shows the film thicknesses, d», d2,
and d3, and the transition temperatures T,», T,2, and
T,3 (defined as the temperature at which 5 extrapo-
lates to zero") of the three Al films, and the extrac-
tion and detection junction resistances, R, and Rd,
measured at voltages much greater than the sum of
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TABLE I. . Parameters of samples A and 8.

First Al film Second Al film Third Al film

Extraction
junction
resistance

Detection
:junction
resistance

d& (nm) T, ~ (K) d2 (nm) T,2 (K) d3 (nm) T,3 (K) R (D) Rg (Q)

56
a 79

1.49
1.36

37
45

1.353
1.321

28
40

1.40
1.3&

0.021
0.037

3.5
12

the gaps. Figure 3 shows Id vs Vd and dVd/de vs Vd

for sample 2 at T/T, 2
=0.986, where T is the bath

temperature. The labels indicate the bias points on
the extraction junction characteristic (inset of Fig. 3)
at which the various detection curves were obtained.
As J, is increased from zero to a point just below the
cusp at (ht b2)/e—, the Iq Vd curv—es show clearly
that the sharp rise in current at (313+52)/e moves to
a higher voltage while the cusp at (h3 —h2)/e moves
to a lower voltage. Thus, 42 is enhanced. %e associ-
ate the higher- and lower-voltage minima in de/dId
with (63+52)/e and (h3 —h2)/e, respectively. The
derivatives in Fig. 3 show that, as I, is increased

from zero, there is no significant enhancement at b,
awhile there is substantial enhancement at c and d. At
e, an extraction voltage greater than (ht —d2)/e, the
enhancement of b,2 is much less than at d, indicating
that the extraction rate is greatly reduced. Identical
results were obtained when the extraction current
was reversed.

A dc Josephson current was always observed in the
extraction junction. The dc supercurrent was
quenched by briefly raising I, to a large value, there-
by trapping flux in the junction. It should be noted
that the observed enhancement could not have been
caused by photons generated by ac Josephson
currents since V, [ = (ht —h2)/el was greater than
d, 2/e at temperatures near T,2 and the photon energy()232) was high enough to break pairs in Al(2).

From dV&/dl~ vs Vz, we obtained 86,2( V,)
=—h2( V,) —h2(0) and 553( V,)=53(V,) —63(0),
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FIG. 3. (Upper) E~ vs V~ and (lower) d V~/dl~ vs V~ for
sample A for the various extraction bias points a, b, c, d,
and e on the I, - V, characteristic in the inset. The bath

temperature was 0;986 T,2.
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FIG. 4. 562 and 553 vs V, , and I, vs V, for sample A at
T =0.986T,2 (upper), and sample 8 at T 0,995 T,2 (lower).
The dashed and dotted lines are drawn through the data.
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PIG. 5. (a) Sag'" (solid line) and Sd2m'" (dashed line) vs
T/-T, 2, and (b) 553 vs T/l;2 for samples A and 8, at

t, = (h& —h2)/e. The lines are drawn through the data.

where A2( V, ) and bs( V, ) are the steady-state gaps at
an extraction voltage V, . Figure 4 shows 562 and
853 vs V, for samples A and 8, together with the
characteristics of the extraction junctions. In both
cases, 842 is positive and sharply peaked near
(h~ —A2)/e, reflecting the high rate of extraction
near (h~ —42)/e. For sample A, S43 is negative and
increases smoothly with increasing V„while for
B, Shs is essentially zero for V, &(4~ —dq)/eand
negative for V, &(A~ —A2)/e. The absence of data
for sample A at voltages between the peak in 562 and
about 120 p,V was the result of hysteresis in the ex-
traction junction that made it impossible to current
bias the junction in this range. We note that, at high
currents, the voltage appears to switch on the I, —V,
curves, suggesting that part of Al(2) was driven nor-
mal by the high-current density in the extraction re-
gion. When the extraction junction was biased near
the switching point, the dVd/d1d vs Vd curve became
very noisy, and its origin shifted abruptly along the
Vd axis. Therefore, we could obtain useful data only
when V, was below. the switching voltage. Unfor-
tunately, the switching voltage decreased as the tem-
perature approached T,2, thus preventing us from ob-
taining data very close to T,2, and removing the pos-
sibility of our observing an enhancement in T,2.

Figure 5(a) shows the maximum gap enhancement
SS,2'" and SI2'"/i), 2r (52r is the equilibrium gap) at

III. THEORY

In order to interpret the experimental results re-
ported in Sec. II, we present a simplified theory of
gap enhancement by the tunneling extraction of
quasiparticles. %'e consider a tunnel junction consist-
ing of two superconducting films with 5& & 42, and
calculate the enhancement in d2 under the simplify-
ing assumption that h~ is unperturbed by the tunnel-
ing process. This assumption is valid first because
d» d& (typically d& =2d2), and, second, more im-
portantly, because 4~ is substantially higher than b,2

at the temperature of the experiment so that 4~ is re-
latively insensitive to changes in the quasiparticle po-
pulation.

For a junction biased at a voltage V ( Vis defined
to be positive when film 2 is positive with respect to
film 1) the generation rate of quasiparticles of energy
E in film 2 can be written

G, = I (g„+ga,) (3.1)

In Eq. (3.1), e —= + (E' —522) '~', where the pius and
minus signs refer to the k ) k~ and k & k+ branches,

V, = (h~ —A2)/e as functions of T/T, 2 for samples A

and 8. The absolute magnitude of the gap enhance-
ment, MP'", increases sharply as T approaches T,2.

For sample 8, the gap is enhanced by over 40% at
T/T, 2=0.998, and there is no indication that this
enhancement is leveling off. Therefore, we suspect
that an enhancement of T,2 would be possible if it
were not for the switching induced by I,. Figure 5(b)
shows Sb3 at V, =(ht —h2)/e vs T/T, 2 For A, S63
is always zero or negative, while for 8, Sb,3 is zero at
low temperatures and becomes positive at tempera-
tures close to T,2 We believe that the changes in h3
shown in Figs. 4 and 5(b) are induced by nonequili-
brium phonons. To a first approximation, the
steady-state phonon distribution is uniform across all
three films because the total thickness is less than the
phonon mean free path, and the phonon transmis-
sion coefficient between the Al films is close to unity.
When V, = (S t

—h2)/e, there is an excess of phonons
with energies & 24~ generated by the recombination
of excess quasiparticles in Al(1). For sample A,
h~ & h3, so that the 24~ phonons can break pairs in
Al(3), thereby reducing h3 at all temperatures and
extraction voltages. On the other hand, for sample
8] A3 is slightly greater than 4~, the difference in-
creasing as the temperature is raised towards T, &. As
the temperature is increased, a growing fraction of
the recombination phonons from Al(1) have energies
between 2b ~ and 263, and are unable to break pairs
in Al(3). In fact, for T &0.995 T,2, it appears that the
predominant action of the phonons is to excite quasi-
particies in Al(3) to higher energy states in such a
way that h3 is enhanced.
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respectively, b2 is the steady-state gap, and

I"~ Ggg/2N(0) Ae (3.2)

Here, G~g is the junction tunneling conductance
when both films are in the normal state, N(0) is the
density of states for electrons of single spin at the
Fermi energy, 0 is the tunneling volume (the tun-
n'cling area multiplied by d2), and e is the electronic
charge. Note that I" has the dimensions of,sec '.
The two dimensionless functions g„andg„in Eq.
(3.1) are given by

and

g„—' I +—
pa, ({E—eV{)[fr(E —eV) —f,] (3.3)

(3.5)

The tunneling current I can also be expressed in
terms of g„and gq, as follows:

bution of quasiparticles of energy E - (e" + 522)'~',

and fr(E) is the Fermi-Dirac function. The presence
of fr in Eqs. (3.3) and (3.4) assumes that the quasi-
particles in film 1 are unperturbed. It is easy to see
that g„(gq,) is the dominant term for extremely
electronlike, e » 5 (holelike, e (( —4) quasiparti-
cles,

From Eq. (3.1) one can obtain the total quasiparti-
cle generation rate Gt

G(,( 2N(0) 0 „dEpa(E)(G, +6,)
rooo

=2N(0) Ol J de (g„+gp,)

ghs 2
I pa&(IE +eV {)[fT(E + eV) f ]I,(3.4)

goo

I 2eN(0) QI' de (g„—gq, ) (3.6)

where pa, (E) . e(E —rL~) E/(E' —A~~) '~' (e being

the Heaviside function), f, is the steady-state distri-

In the weak-perturbation limit, Eq. (3.6) reduces to a

more familiar form'~ because both f, and f, can be
replaced with fr(E), and h2 with 42r to yield

/

., dE pa„(E){p&„(IE-ev {)[fr(E ev)—-fr(E)]+pa„(Is+eV I) [fr(E) -fr(E+eV)]) . (3.7)

Similarly, in this limit, 6„,reduces to

dE pa, (E) {pa„(IE-eVI) [fr(E-«) -fr(E)] —pa„({E+eV1)[fr(E) -fr(E+«)]] . (3.g)

Since the current I is an experimentally measurable
quantity whereas G„tis not, it is convenient to de-
fine a quasiparticle generation factor,

~~ = G~.(/ Ii/e { (3.9)

It should be noted that I and 6„,diverge at
V - (6~ r —h2r)/e if the BCS density of states is used
for both films. This divergence is not observed be-
cause in real metals the gap is smeared, To simulate
this smearing in our calculation, we used 'the follow-

ing form of the density of states for both films:

pa(E) e(E —Q) Re {E/[E2—(Q —/y)2] ~~~) (3 10)

We chose y -0.01k, to give good agreement between
the experimental and theoretical I- V characteristics at
V = (5& —b2)/e, where the shape of the curves is

very sensitive to the degree of smearing. We note
that the total number of states described by Eq.
(3.10) is smaller than that given by the BCS density
of states by 4N(0) (b,y)'~' because of the low-energy
cutoff in Eq. (3.10) which we adopted for the con-
venience of our numerical calcu}ations. Since we are
interested only in temperatures near T,2, we neglect
this error which is about 4N(0) (hy)' 2/4N(0) ks T,
=0.16/ks T„nomore than 4% at T & 0.98 T,2

Figures 6(a) and 7(a) show the normalized I V-

curves calculated from Eqs. (3,7) and (3.10) for the
two experimental samples referred to in Fig. 4. The .

solid circles in these two figures correspond to the
experimental I, - V, curves in Fig. 4 for samples A

and 8, respectively, There is good agreement
between the theoretica1 curve and the experimental
data, especially at low bias voltage. The small
discrepancy at higher voltages is presumably due to
the fact that 52r and fr(E) were used in the calcula-
tion rather than the steady-state values of hq and f,.

Figures 6(b) and 7(b) show the normalized calcu-
lated values of 6„,versus normalized bias voltage.
For hi ) 42, Gtot is a1ways negative for
V ( (6&+b,2)/e, corresponding to quasiparticle ex-
traction from film 2, and becomes positive at higher
voltages. The quasiparticle extraction rate, 6«„
peaks sharply at V (5& —d2)/e. Figures 6(c) and
7(c) show the quasiparticle extraction factor, F~, as a

function of the normalized bias voltage. Note that F~
is approximately linear in V for small bias voltages
and also peaks sharply at V = (k~ —h2)/e. This
behavior can be understood qualitatively from the
semiconductor model' (see Fig. I). For small bias
voltages, the difference between the number of
"holes" tunneling into film 2 and the number of
"electrons" tunneling out of it increases linearly with
the bias voltage. At V-(b~ —d, 2)/e, the "electron"
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FIG. 7. For the parameters given for sample 8 in Fig. 4,
calculations of (a) el/Gz&52T vs e V/52T,
(b) e G,pt/GNy~2T vs «/~2T', (c) Fq vs eV/52T
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extraction becomes extremely efficient because the
two sharply peaked densities of states are aligned,
while the "hole" injection rate does not become
correspondingly large. For V & (5& —d2)/e, the mag-
nitude of F, drops initially because the "electron" ex-
traction becomes less efficient and then gradually in-
creases again because the back flow of the thermal
"electrons" from film 1 is gradually blocked off as the
bias voltage increases.

To demonstrate that the gap enhancement pro-
duced by this quasiparticle tunneling-extraction
mechanism accounts'adequately for the experimental

results in Sec. II, we performed a first-order calcula-
tion of the steady-state distribution of quasiparticles,
and hence calculated the gap enhancement. The cal-
culation was carried out as follows: (i) The quasi-
particle extraction rate, G„wascalculated from Eqs.
(3.1), (3.3), and (3.4) with the thermal equilibrium
energy gaps and quasiparticle distributions. (ii) The
inelastic collision integral for quasipar'ticles at energy
E (labeled with e) was calculated with the thermal
equilibrium distribution of phonons, nr(happ)
= [exp(ho/ks T) —1] ', and the thermal equilibrium
gap, b,2~, in the following expression':

hoo

g, -ro'(ksTe» ' 2

de —1 —,+, (E+E) [f,f i —nr(E+E)(1 f, f—i)]-
EE' EE'

I 2

1—,—,(E —E')'[9(E E')[f, —f,f i ——nr(E E')(f ——f,)lEE EE f

+ e(E' E) [ f —+f,f +—nr(E E)(f, —f )]} . (—3.11)

In Eq. (3.11) rp —= 2e'ks T 2a F(ks T,2)/t is the characteristic electron-phonon interaction time, "and a F(harp) is
the product of the square of the electron-phonon interaction matrix element and the phonon density of states;
a F(tee) was assumed to be quadratic in. tee. (iii) The steady-state solution of the change in the distribution,
Sf,=f, fr(E)—, wa—s calculated from

f, G, —g, =0 (3.12)

using a simple iteration scheme. 'p (iv) Finally, the first-order change in the gap was calculated from the steady-
state values of Sf, by using the BCS gap equation in the following form'p:

S52. de 52r de tanh(E/2keT)'(-Sf,)E ' " P 2ke TE2 E/2ks T
1

cosh (E/2ke T)
(3.13)

In addition the change in the total quasiparticle densi-

ty, SN~ =N~ —N~~, was calculated from

goo goo

d. Sf, d. f,(E) .
AT

(3.14)

If Sf, « fr(E), the collision integral, Eq. (3.11),
can be linearized in Sf,. In this limit, it is easy to see
that the steady-state solution of Sf, scales with ITp,

'

as do S62/52r and SN, /N, r. The calculated curves of
S52/d2rI'Tp vs eV/42r for samples A and 8 are
shown in Figs. 6(d) and 7(d), respectively. The solid
circles are the experimental data reproduced from
Fig. 4, with vo chosen to give the best fit to the data
at voltages below (A~ —4»/e. The value of Tp was
chosen to be 77 and 83 ns for samples A and 8,
respectively, to fit the theoretical curve in the low ex-
traction voltage region, i.e., V, ~ (b t

—52)/e. The
average value of vo was 80 ns, and the average value
of the transition temperature was 1.34 K. Although
one should be cautious in applying the theory, given
the approximations invoived, it is noteworthy that

this value of vo is in reasonable agreement with the
value obtained by Chi and Clarke" in their charge re-
laxation measurements on Al films with comparable
transition temperatures, about 60 ns.

Although the theoretical curves fit the experimen-
tal data reasonably well at bias voltages
V & (h~ —82)/e, at higher voltages the experimental
data lie significantly below the calculated curve. For
V & (h~ —5»/e, we believe that the experimental
values of 852 are substantially depressed by recombi-
nation phonans from film 1, which are of course able
to break pairs in film 2 and suppress the gap
enhancement substantially at the higher po~er levels.
This effect was completely neglected in our calcula-
tion. In addition, we have not taken into account the
magnetic fields generated by the currents flowing in
the thin films.

Figures 6(e) and 7(e) show the calculated values of
SN~/W, rl rp vs e V/52r. It is interesting to note that
these curves are similar to the corresponding plots of
S&2/d2ri'vp vs eV/42r in shape, but are roughly two
orders of magnitude smaller in amplitude. This. is be-
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cause the quasiparticles are extracted at energies close
to the energy gap where they have a major effect on
the energy gap. Furthermore, the temperatures are
rather close to T,2 so that h2 is very sensitive to
small changes in the quasiparticle density.

To conclude the section, we would like to make the
following remarks:

(i) The calculation is not self-consistent, and the
results are supposedly accurate to order gdz/&zr As
a check, we have performed a self-consistent calcula-
tion for sample 3 at V = (6 &

—Az)/e by allowing Az to
deviate from hzr in both the extraction rate G, [Eq.
(3.1)] and the collision integral tz, [Eq. (3.11)]. The
result showed a 5% decrease in 5hz/hzr compared
with the first-order calculation. Therefore, we be-
lieve that our first-order calculation is everywhere
within 5% of the result of a self-consistent calculation.

(ii) The more serious approximation made in our
calculation is the assumption of a phonon distribution
in thermal equilibrium at the bath temperature. This
assumption is valid only if the phonon escape time
from the sample, v,',", is extremely short compared
with the phonon pair-breaking time, 7~", which is of
the order of 10 ' sec for Al." For our samples, 'Te,

"
was at least the same order of magnitude as 7~P" even
if we assume that the phonon transmission coeffi-
cient to the helium bath was unity. Although we
have not undertaken the much more complicated cal-
culations taking into account the effects of the none-
quilibrium phonon distribution, we suspect that the
results would be in much better agreement with the
experimental data, particularly for V & (A~ —5z)/e.

(iii) The fact that gap enhancement was not ob-
served at temperatures above 0.998 T, does not imply
that quasiparticle extraction vanishes as T approaches
T,2. As a matter of fact, our calculation indicated a
nonzero extraction rate even at T = T,2, where the
equilibrium VRlue of +2 is zero. Thclcfol'c wc believe
that T, enhancement would have been possible, had
the extraction current not exceeded the critical
current of the extracted film.

IV. DISCUSSION AND CONCLUSIONS

We have demonstrated that the tunneling extrac-
tion of quasiparticles can produce substantial
enhancements of the energy gap of superconducting
aluminum films. There is good agreement between
the experimental results and the simple theoretical
model of Sec. IV for V ~ (A~ —bz)/e. However, for
V & (h~ —hz)/e, the experimentally observed gap

enhancement decreases as V increases, while the
model calculation predicts an approximately constant
enhancement. We suspect that this discrepancy is
caused by the nonequilibrium phonons generated in
film jI which diffuse into film 2. The fact that the
energy gap, 43, of film 3 was also influenced by the
extraction current (Figs. 4 and 5) is a direct proof
that the recombination phonons from film 1 play an
important role. Because the nonequilibrium phonons
are not taken into account in the simple calculation,
the value of vo obtained by fitting the experimental
data at voltages less than (h~ —Az)/e is somewhat un-
certain. Nevertheless, it is encouraging to note that
the required value of ~0, 80 ns, is in good agreement
with that obtained in our charge relaxation measure-
ments on Al films with similar transition tempera-
tures. To assess the importance of the nonequilibri-
um phonons, a more detailed calculation that takes
this effect into account is clearly required. We hope
that such a calculation will become available in the
near future.

It is interesting to note that the extraction process
effectively cools the quasiparticles in film 2, in con-
trast to the Eliashberg mechanism in which the quasi-
particle energies are increased. As quasiparticles are
removed by tunneling, pairs flow into the extracted
volume, where they are broken to form quasiparticles
with the absorption of phonons of energy ~252.
Thus, the nct intrinsic result is a reduction in both
the quasiparticle and phonon populations in film 2.
As a further consequence, gap enhancement by ex-
traction would not be necessarily limited to low T,
materials if the diffusion of the 241 phonons into
film 2 could be prevented, or at least reduced. On
the other hand, gap-enhancement experiments in-
volving the Eliashberg mechanism are likely to be
confined to low T, materials, in which vo is long, be-
cause phonon production is an intrinsic part of thc
process.
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~ 52 and 43 were measured with I, =0. With

V, =. (6& —62)/e, we deduced the value of 5& using the
{enhanced) value of b2 determined from the detector
junction. The depression of b, I by quasiparticle injection
should be negligible because the reduced temperature of
Al(1) is relatively low, (0.91 for A, and &0.97 for B, at
temperatures close to T,2.
From Eqs. (3.11) and (3.12), we have
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In our simple iteration scheme, we start with Sf,=0 for all

e in the right-hand side of this equation to generate a new

form of Sf,. We then iterate as many times as necessary
to obtain a convergent solution.

' The BCS gap equation can be written

T
'I

d~—=exp — —[fT(E) +Sf,l

where E = (~ + 5 ) ' and 50 is the zero-temperature gap,

By expanding this equation to first order in S5 = 6 —5T
for small Sf„w'eobtain Eq. (3.13).
J. L. Paterson (unpublished).


