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Phase Quctuations and electron-electron scattering in weakly disordered, twoMimensional super-
conducting Al Sms have been observed through their eff'ects on the resistance of lovv-resistance

Al-Alo -Cu tunnel junctions. These are the uniform-NIhn analog of the Suctuations in percolat-
ing nims and in Josephson junctions. Disorderwnhanced electronwlectron scattering has the mag-
nitude and temperature dependence expected theoretically.

We present measurements of the resistance RJ of very
low resistance Al-AIO„-Cu, i.e., superconductor-insu-
lator-normal metal (SIN), tunnel junctions in which the
Al film is weakly disordered. Ri is presented as a function
of temperature T and at 6xed T, as a function of the ex-
trinsic pair-breaking rate 1/z, generated by an applied su-
percurrent and by supercurrents induced by a magnetic
field.

These measurements probe the pair-breaking effects of
disorder on uniformly thick, homogeneous superconduct-
ing films in the superconducting state, i.e., below T, and
B,2. Pair breaking refers to processes which broaden the
peak in the electron density of states and cause other devi-
ations from Bardeen-Cooper-Schrieffer (BCS) theory, '2
e.g., elastic exchange scattering from magnetic impurities
and inelastic electron-phonon scattering. These measure-
ments are complementary to studies of the effects of disor-
der on the phase boundary in the B-T planes s which in-
volve non-pair-breaking efi'ects as well. They cannot be
compared easily with earlier, conventional tunneling mea-
surements on high-resistance junctions with disordered
but less uniform fihns: granular Al filmss and extremely
thin Sn (Ref. 10) and Pb films. "

We have two major new results. First, we observe a
new pair-breaking mechanism from supercurrents associ-
ated with thermal fiuctuations in the phase of the order
parameter. Second, we observe for the first time the mag-
nitude and strong temperature dependence of the
electron-electron scattering rate below T„ in agreement
with theory, '~'i and measurements on normal'" 's Al
films, and in disagreement with values from superconduct-
ing '7 Al films near T„taken with a different technique.

Our novel tunneling technique has been descnbed m de-
tail. 's'9 The idea is that RJ for low-resistance SIN junc-
tions contains a significant "nonequiTibrium" portion

R& (T) associated with the quasiparticle charge imbal-
ance generated in the S film by the measuring current.
R~.(T) refiects the magnitude and T dependence of all
pair-breaking processes, and can be probed precisely by
applying an extrinsic pair breaker such as a supercurrent.

The theory's of charge imbalance in SIN junctions has
been verified in detail by measurements on Sn and SnIn
fiims, 2o which serve as a simple model systems. Measure-
ments of the effect of supercurrents on high-resistance
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FIG. 1. Sample conkturation. I and V are the current and

voltage in the junction, I, is the current in the Al Qm. Junction
area is 300X300 p, m2. The Nb ground plane is not shown.

SIN junctions, ' in which R&e is negligible, also are in ex-
cellent agreement with theory and demonstrate our under-
standing of pair breaking caused by applied supercurrents.

The configuration of our SIN junctions is illustrated in

Fig. 1. Junctions were built on thick anodized Nb films
(on glass substrates) to increase the measured critical
current of the Al films. The electron mean free path I of
the Al films was shortened by evaporation at =4 A/s in
about 3&10 5 Torr O2. The Al fiims were oxidized in
about 5&10 Torr O2 for about a minute immediately
after deposition. Cu films were evaporated with Au (3
wt. %) and Fe (1 wt. %) to block the diffusion of Cooper
pairs from the Pb to the Al film. The Pb film on the Cu
made the current through the junction as uniform as pos-
sible.

Rt(T) was determined from the slope of the linear
current-voltage (I-V) characteristic. Measurements of RJ
as a function of supercurrent I, in the Al strip and mag-
netic field Bii parallel to the substrate were made by fixing
the junction current I and measuring the change in volt-

age V. V was always less than 100 nV to avoid heating.
Measured sample parameters and experimental results

for two samples on which we have the most complete data
are shown in Table I. For later reference, note that I &&@,
where go t|vp/tracy= 1600 nm is the pure-limit coher-
ence length, so dirty-limit expressions for the Ginzburg-
Landau coherence length g(T), and the penetration depth
A, (T), are appropriate. The supercurrent density should
be uniform through the thickness d of the Al film because
2X(T) )&d. Because the thermal coherence length
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TABLE I. Sample parameters and experimental results. Ro is
the resistance per square of the Al 5hn at 4.2 K, I is calculated
from pl 4X10 '~ Om (Ref. 3$). Values of times and rates
are all at T,. I/r, g(T,~ is the 6tted value of the electron-
electron scattering rate; I/i, (T,~ is calculated from the
de6nition [Eq. (2)]. I/vgPp(T, ) is the 6tted value; I/v~~F(T, ) is
calculated from Eq. (3).

Sunvp/e SH/9
Tg=/. 48 A

R~ = /. OrnJ2

Ro d

Sample (o ) (A.)
i~ (T,)
i:g(T,)

&sce(T )
~attF(T, )

SH13
SH17

2.4 343 1.480 49
2.3 422 1.519 41

0.9
1.2

(Dh/kg T) '/z & d, electronwlectron scattering in the Al
film is two dimensionaL '4's 22

Figures 2 and 3 illustrate the excellent agreement be-
tween model calculations and our data. Figure 2 shows

Rg(T)/R„vs T/T, for sample SH13 fitted with a curve
calculated with the scattering rates ( at T,) shown. Fig-
ure 3 shows RJ at several representative temperatures as a
function of the square root of the extrinsic pair-breaking
rate I/r, caused by an applied supercurrent I, and mag-
netic field Bt. These (additive) pair breakers can be ex-
pressed as 's

2y2 Ro n (0,0)2
n' 2N(0)(kJtT, )2dw2 n, (T, I/r, )~

R~q (Tj/RN~
aha

C3 Data

Theory I/T fop 0.58x IO sec

I/7+ @(T~) = G. 3 x IGS sec '

I/T' ."P(,T ) = 2.5xlQ sec '

I/y~"&(T ) =Q.7xlO sec

FIG. 2. Normalized junction resistance R&(T)/R~ as a func-
tion of temperature. R~(T)/Rz is the normalized junction
resistance calculated with quasiparticles in thermal equilibrium.

RN is the intrinsic resistance of the junction. Rg (T)
Ry(T) —R~(T). The dotted curve is calculated with

I/vacp(T, ) ~0 and 1/i, (T,) 5.1&10tsec ', which is 3 times
larger than expected from Eq. (2), to show that even an in6ated
rate cannot explain the data. The other parameters are the
same as for the solid curves.

12N(0) h 2Ro

where n, is the the density of superconducting electrons
(calculated in the dirty limit' ), w is the width of the Al
film, and y is h(0)/AT, = 1.76. Note from Fig. 3 that
RJ has precisely the same dependence on I/v, for super-
currents and magnetic fields, as expected for uniformly
thick, homogeneous films. This agreement confirms that
variations in thickness that affect the local current density
in the films are unimportant. As a quick guide to Fig. 3,
we note that the infiection point occurs when the extrinsic
applied pair-breaking rate is about half of the intrinsic
rate. 's This allows an experimental determination of the
inelastic electron~lectron scattering rate I/ 'gv(T, ) and
the pair-breaking rate from supercurrent fluctuations
I/~stlaF(T, ) from the different temperature dependences of
these rates below T„as found from the model calculations
described below.

Although difficult to describe in detail in this limited
space, with guidance from the literature concerning the
magnitude and energy dependence of the electron-phonon
and electron-electron scattering rates, there is sufficient
data to determine the sample parameters T, and Rn, and
the rates I/it«, I/~,'"P( )T, and I/r~(T, ), with pre-
cision. Roughly speaking, the analysis is as follows.

The divergence in R/(T) refiects the divergence in the
charge-imbalance relaxation time expressed through
R~~ (T). It and the critical current of the Al strip give the
same T, to within a few mK. Theory's shows that Rn,
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FIG. 3. Junction resistance vs gl/i„where 1/r, is the extrin-
sic pair-breaking rate generated by applied supercurrents (&)

and parallel 6elds (0). Ql/z, is proportional to I, or Bg. The
solid and dotted curves are calculated with the same parameters
as in Fig. 2. The dotted curves are shifted vertically to match
the data at I/v, 0. In6cction points are indicated by arrows at
two different temperatures.
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the intrinsic junction resistance, hes between the
minimum value of RJ(T) and half of the minimum value,
typically being about 20% below the minimum. R~ deter-
mines the tunneling rate 1/rt„ I/2N(0)ezARpg, where
o is the volume of Al in the junction and 2W(Q)

3.48 x 102s/eV m 3 is the density of states in A1.23 Thus,
T„Rz, and 1/rt„, are determined to about 20% just from
RJ(T) near T,.

Experimental' ' and theoretical2 results on Al films
above T, suggest the value of 1/v, .sh(T, ) given in Fig. 2,
which is negligible compared with the other rates. We in-
clude it for completeness although it has no effect on our
calculated curves.

The total intrinsic pair-breaking rate associated with

tunneling, electron-electron scattering, and supercurrent
Suctuations comes from the value of 1/2r, at the inflection

point in RJ vs Jl/v, . Electron-electron and supercurrent
fluctuation contributions are separated by fitting R~ vs T
and RJ vs Jl/r, with model calculations based on a
Boltzmann-type equation for the quasiparticle distribution
function's 25 as follows.

First, we consider inelastic scattering processes only.
Electronwlectron coupling enters through the coupling
function (Refs. 16 and 22) a2F(m) e Rtt/8x2h, in the
scattering integraL From this, we define a characteristic
theoretical electron-electron rate for comparison, Table I,
with the experimental value:

2

1/. th (r, )=7q(3)
'

= (4.3x 10')R.T,[(oKs) -'] . (2)

With this definition, the calculated charge-imbalance re-
laxation rate near T, is (Refs. 2 and 26) 1/vg. ad/
4kqT, rt".,(T,) when electron-electron scattering is the
dominant charge-imbalance relaxation mechanism. The
definition Eq. (2) is similar, but not identical, to the
phase-breaking rate involved in electron localization. 's

The data shown in Figs. 2 and 3 cannot be fitted with
only electron-electron scattering. Electron~lectron
scattering decreases too rapidly below T, as the gap in the
density of states opens. '2 This is illustrated by the dotted
curves in Figs. 2 and 3, which were calculated by using an
electron-electron rate three times larger than expected
form Eq. (2) to give a reasonable fit near T,. However, at
lower T, the data show a larger intrinsic pair-breaking
rate than the calculation both in the larger experimental
value of 1/2r, at the inflection points in Fig. 3 and in the
smaller experimental value of R&e(T) in Fig. 2.

Next, we include supercurrents as a relaxation mecha-
nism with the same dependence on h and quasiparticle en-

ergy as for an applied supercurrent, z7 but with a charac-
teristic rate proportional to T. Now the calculations are
in excellent agreement with the data (Figs. 2 and 3). As
shown in Table I, the fitted value 1/z,'*P(T,), which is
determined primarily from data for T/T, » 0.95, agrees
well with the prediction [Eq. (2)]. The fitted value
1/raged'(T, ), which comes primarily from T/T, ~0.95,
agrees well with the expression derived below.

We believe that supercurrents associated with thermal
phase fluctuations produce pair breaking just as applied
supercurrents do. (Several commentsz ( in the litera-
ture support this possibility, but there is no microscopic
theory. ) We can estimate the pair-breaking rate with the
rough approximation that superconducting electrons in
volume &2(T)d act as a single particle undergoing
Brownian motion. The equipartition theorem gives
iri(vs&n, (2d/2= kg T. From this and the result (Ref. 1)
1/r& 0.5D(2mv, /It )2 for superfluid flow,

th 4D
a' n, g'(T)d

= (2.2x107)ROT[(g Ks) '],

with dirty-limit expressions for n, (T) and g(T). This
agrees well with our fitted value.

An equivalent description involves summing the contri-
butions to (u, ) from fluctuations with wave vectors k up to
1/g(T). Microscopically, the fluctuations are driven by
fluctuating electric fields and by gradients in charge-
imbalance fluctuations. 32 For some values of k and T,
they correspond to thermal excitation of Carlson-
Goldman modes33 and propagating plasma modes. + For
most values of k, the fluctuations are damped. The phase
fluctuations are the uniform-film analog of fluctuations in
nearly discontinuous percolating super conducting
films, 'o 3s and in Josephson junctions. 36 They are the pre-
cursor of the more violent fluctuations associated with
thermal vortex-antivortex pairs that occur in heavily
disordered films. 3
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