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spin-glass. EPR measurements are, in this case,
especially useful in investigating the critical dy-
namics of the spin-glass transition. Anomalies

in the EPR spectra have been noted over the
years in a variety of alloys,® but were not pur-
sued. It is quite clear that careful remeasure-
ment of the linewidth and g-value anomalies on
other well-characterized spin-glass alloys will
lead to further clarification of the dynamical
nature of the freezing transition.

We are grateful to Professor P. A. Beck for
suggesting these measurements and for providing
samples, and to G. F. Reiter for helpful dis-
cussions. This work was supported in part by
the National Science Foundation, Grant No. DMR
78-07763.
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We have measured the quasiparticle recombination time in the strong-coupled super-
conductor Pby ¢Bi; ; directly by measuring the lifetime-broadened energy gap edge. This
is done by measuring the I-V characteristics of a superconducting tunnel junction of the
type Pb ¢Bi, ;-insulator-Pb, ¢Bij ;. Agreement with the calculated value is excellent.

Nonequilibrium properties in superconductors
have been the subject of substantial interest re-
cently.! The response of a superconductor when
driven away from equilibrium is very much depen-
dent upon the various electron and phonon relaxa-
tion times. Central to the relaxation phenomenon
is the recombination time 7z which is the time
taken for two quasiparticles at or near the energy
gap edge A to recombine into the superfluid con-
densate. In this Letter we demonstrate that 7,
can be measured in a strong-coupled supercon-
ductor directly by measuring the lifetime-broad-
ened energy gap width in a tunneling experiment,
Measurements for the alloy Pb, Bi, , are pre-
sented and good agreement with calculations is
achieved.

© 1978 The American Physical Society

Previous measurements of the intrinsic quasi-
particle recombination time in a superconductor
have been plagued by thin-film phonon bottleneck-
ing problems or have been rather complicated,
requiring model analysis of data.!** Very recent-
ly, a determination of 7 in single-crystal Pb
was made by measuring the thermal diffusivity
and extracting a quasiparticle scattering rate
which could be related to the recombination time,?
In thermal equilibrium well away from the super-
conducting critical temperature T, the recombi-
nation rate is given by!

_1- (1-_)1/2 1 -AaT
Tp \A To ¢ ? (1)

where 7, is related to the electron-phonon coup-
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ling strength, and for Pb excellent agreement
with the calculations of Kaplan et al,® was ob-
tained.? The strong temperature dependence
comes from an occupation term due to the fact
that two particles are required in the recombina-
tion process. The short lifetimes at tempera-
tures T/T,>0.5 correspond to a linewidth which
is a measurable fraction of A and hence one
should expect in strong-electron-phonon-coupled
superconductors a temperature-dependent smear-
ing of the energy gap edge.

To measure this lifetime smearing, we have
fabricated a symmetric superconducting tunnel
junction of the form Pb, ¢Bi, ,-insulator-Pb,, 4Bi,, ;.
The PbBi alloy was chosen for two reasons.
Firstly, tunneling measurements have been per-
formed on Pb, Bi,,, and the superconducting
properties of PbBi alloys [including the electron-
phonon coupling function o?(w)F(w)] are known,*
In addition, using the 0?(w)F(w) from these meas-
urements, Kaplan et al.® have calculated a value
for Ty to be even shorter than in the case of Pb,
Secondly, the intrinsic gap widths (due to anisot-
ropy effects) are substantially reduced in al-
loys with short mean-free paths.® The energy
gap width at low temperatures (T/T,< 0.3) in al-
loys is very small and thus any enhancement due
to lifetime effects would be more easily meas-
ured, The tunnel junctions studied were evapor-
ated thin films of Pb, ,Bi, , of thickness = 2000 A
and had normal-state resistances ranging from
0.1 to 100 Q. The area of the junctions was 0,25
mm?2, The oxide barrier was produced by use of
previously reported techniques® and only junc-
tions of high quality (displaying very small leak-
age currents) were measured. The experiment
consisted of measurements of the current-vol-
tage (I -V) characteristics of a tunnel junction at
various temperatures between 1.0 K and 7, (7.65
K).

In Fig. 1 we show a typical set of I-V charac-
teristics for various temperatures between 1,0
and 7.0 K and we note several features. The
temperature dependence of the energy gap 2A
corresponding to the point of maximum slope in
the I -V characteristic is easily observed in this
data. For large smearing, it is no longer true
that the peak in dI/dV corresponds to 2A, but
for broadening of the magnitude observed here,
it is correct to equate the two, Also, the pres-
ence of thermally activated quasiparticles seen
as current flow at energies (or voltages) less
than 2A at the higher temperatures and the freeze-
out of these excitations at low temperatures is
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FIG. 1. I-V characteristic for a Pby ¢Bi; ; tunnel junc-
tion for various temperatures. A small magnetic field
(~ a few gauss) has been applied parallel to the films
to suppress the dc Josephson current. Note the in-
crease in the gap smearing with increasing tempera-
ture.

apparent, Finally, the result germane to this
Letter, the broadening of the gap edge, is also
very clear as the temperature is raised, At
temperatures below 3.0 K, the current rise at

2A is rather sharp while with increasing temper-
ature it clearly broadens, The I -V character-
istic of a superconductor-insulator-superconduc-
tor tunnel junction can be written

I=Cy [LpEW E+ VIf(E)-fE+VaE, (2)

where within BCS theory the excitation spectrum
p(E) is given by

p(E) =Rel| E| / (E? - A2)V2]

and Cy is the normal-state conductance of the
junction, At all temperatures below T, this ex-
pression results in a finite discontinuity at 2A

in the I-V characteristic due to the discontinuity
in p(E). Figure 1 demonstrates clearly that this
discontinuity is not observed and, in fact, there
is a temperature dependence to the slope of the
rise at 2A, For the reasons outlined earlier we
interpret this broadening as due to finite-lifetime
effects of the quasiparticles at the gap edge, and
we analyze the data of Fig, 1 in more detail by
introducing lifetime effects into the density of ex-
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citations, We do this by adding an imaginary part
to the energy, writing

p(E,T)=(E -iT")/[(E -iT)? -A2]V2,

and substituting p(E,T') for p(E) in (2). The real
part then gives us the measured I -V character-
istic with the broadening due to the I" term. Be-
cause we are interested in a small energy region
of the gap edge A, we feel justified in choosing
the simplest possible description, that of an en-
ergy-independent imaginary part., Also, since
we are interested in behavior very close to the
gap A, we assume A to be a real constant, For
energies away from the gap edge, the energy de-
pendence of the self-energy® must be included.

In order to analyze the data in more detail we
have differentiated the I-V characteristics of
Fig. 1 and adjusted I for the various tempera-
tures until a best fit to dI/dV vs V is achieved.
A and T are measured quantities which enter (2)
and so the only adjustable parameter is I'. The
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FIG. 2. dI/dV vsV determined from the data using Fig. 1.

with T an adjustable parameter.

results of such line-shape fits are shown in Fig,
2 for various temperatures and it can be seen
that an excellent fit can be achieved. Several
junctions of the same alloy have been studied in
this fashion and the results are very reproduc-
ible. It is even more clear from Fig, 2 that as
a function of temperature, the linewidth broad-
ens, and the values for I' obtained for the fit
shown are listed on ‘Fig. 2. The quality of the fit
is substantially reduced for a 5% variation of T’
from the values listed.

It is interesting to note that below 2.5 K the
line does not further narrow, suggesting an in-
trinsic width corresponding to a I' of 0,01 meV.
This intrinsic width is also reproducible from
junction to junction and has several possible
sources, Remnant anisotropy effects could pos-
sibly explain the low-temperature width.® Con-
centration variation in the evaporated films could
also be the source of the width but the reproduci-
bility of such an effect suggests that this is not
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The solid curves are fits to the data using Eq. (2)
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FIG. 3. Measured quasiparticle recombination time
compared with the calculated value from Ref. 3.

likely, Extrinsic noise could also tend to cause
such a width but again the reproducibility seems
to exclude this. Another possibility for such a
width is that of statistical concentration fluctua-
tions.” In this alloy, if we assume a coherence
length of ~100 A and a statistical fluctuation of
Bi concentration in this volume, knowing the A/
concentration from previous tunneling results*
we can estimate the gap variation due to these
fluctuations and this turns out to be 0,004 meV,
smaller but of the same order of magnitude as
our measured value of 0.01 meV, At any rate,
this background width is small and easily sub-
tracted from the temperature-dependent compo-
nent which we analyze in terms of 75,

In Fig. 3 we plot the measured 75 vs 1/T and
compare with the temperature dependence calcu-
lated from the work of Kaplan et al.'? for
Pb,, oBi,, . It is emphasized that there are no ad-
justable parameters in this comparison as 7, is
calculated from Eliashberg theory using the meas-
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ured values of the electron-phonon coupling
strength A for this alloy.* The agreement be-

_tween the measured value and that calculated is

seen to be excellent and is good evidence that the
gap smearing observed is indeed due to lifetime
broadening as a result of the recombination proc-
ess, From Fig. 3 the rapid variation of 7 with
temperature [Eq. (1)] is also evident. As out-
lined earlier, the alloy system PbBi was chosen
because of the strong-coupling nature of the elec-
tron-phonon interaction, For a more weakly
coupled superconductor such effects are not so
easily observable. An extreme example of this
is the case of Al where we have measured the
gap broadening and found no temperature depen-
dence between 100 mK and T, (1,2 K), This is
very simply due to the fact that the recombina-
tion time in Al is expected to be 10* longer than
that in PbBi as a result of the weak coupling,

In summary, we have directly measured the
quasiparticle recombination time in Pb, Bi, ,
by measuring the lifetime-broadening effects at
the gap edge via superconducting tunneling, Ex-
cellent agreement between our measured values
and those calculated is achieved,
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