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EXPERIMENTAL DETERMINATION OF THE ENERGY AND TEMPERATURE DEPENDENCES OF QUASIPARTICLE 
RELAXATION TIMES IN A NONEQUILIBRIUM SUPERCONDUCTOR 

* 

J.R. ~irle~', D.S. Kent, S.B. ~aplan~, and D.N. Langenberg 

Department of Physics and Laboratory for Research on the Structure of Matter lhziversity o f  PennsyZ- 
vania, Phi ZadeZphia, Pennsy Zvania 191 04. 

Rdsum6.- La ddpendence en dnergie et tempdrature du temps de relaxation indlastique des quasi-parti- 
cules et du temps pour produire un mdlange dlastique des branches a 6t6 mesurg dans un supraconduc- 
teur en employant l'effet tunnel pour mesurer la population de non-gquilibre des quasi-particules 
miintenues par l'injection de quasi-particules. 

Abstract.- The energy and temperature dependences of the quasiparticle inelastic relaxation time and 
the quasiparticle elastic branch-mixing time have been measured in a superconductor, using a tunnel 
probe of a nonequilibrium quasiparticle population maintained by tunnel injection of particles. 

We have previously reported experimental ob- 

servation of nonthermal branch-imbalanced quasipar- 

ticle distributions in a tunnel-injected nonequili- 

brium superconductor /l/. Chang has recently shown 

how the energy and temperature dependences of both 

the quasiparticle inelastic relaxation time and the 

quasiparticle elastic branch-mixing time can be ex- 

tracted from such experiments 121. We Show here 

that this method can yield high-resolution ('1. 25peq 

measurements of the energy region above the gap ed- 

ge, free of complications due to phonon-trapping 

effects. 

Our measurements were made using asymmetric 

AI-AI-PbBi (1-2-3) double-tunnel-junction structures 

as described in Ref. /l/. Sharp structures (% 25 pV 

wide) were observed in the detector junction (2-3) 

second-derivative signal at voltages [V I = (A3 f d 
A, ; levil)/e when the injector junction (1-2) was 
biased at voltage Vi. The structure above the cur- 

rent step (at lvdl = (A3 + A2)/e) corresponded to a 

small cusp in the detector current-voltage charac- 

teristic and that below the cusp (at lvdl = (A3 - 
A2)/e) corresponded to a small step in the charac- 

teristic. These structures result from a small peak 

in the energy distribution of the excess quasipar- 

ticles in the injected film (2), which in turn has 

+ Present address : IBM Research Laboratory, York- 
town Heights, New York 10598. 

its source in the gap-edge peak in the density of 

states of the injecting film ( 1 ) .  The structures 

were superimposed on a smooth background corres- 

ponding to an increased effective quasiparticle 

temperature which was determined by measuring the 

A1 gap with injection and then raising the bath 

temperature without injection until the same gap 

resulted. The amplitudes of the two types of struc- 

ture depended oppositely on the sign of the injec- 

tor bias in the manner expected for a branch imba- 

lance in the injected film. The structure above the 

current step was approximately five times smaller 

than that below the cusp and contained the same in- 

formation, so we measured amplitudes of the latter 

exclusively. 

Using Chang's theory 121, we find that the 

elastic branch-mixing time T (E,T) in the injected 

A1 film is essentially independent of quasiparticle 

energy E and temperature T and approximately equal 

to 1 X IO-~S. The inelastic relaxation time T. (E,T) 

however, is strongly energy and temperature depen- 

dent. Figure 1 shows our experimentally determined 

T. as a function of normalized quasiparticle energy 

for several bath temperatures corresponding to 

0.51 5 Tb/Tc 5 0.90. Comparison of these experimen- 
tal results with theory is complicated by the de- 

pendence of the effective quasiparticle temperature 
- .  

on the injection bias as well as on the bath tempe- 
X Present address:National Bureau of Standards, 
Boulder, Colorado 80302. rature. Figure 2 shows a set of curves based on the 

theory of Kaplan g. 131, including corrections * Research supported by the National Science Foun- 
dation under Grant No. DMR 73-023S4A01 and Mate- for injection-induced effective quasiparticle tem- 

rials Research Laboratory Grant No. DMR 76-80994. perature increases. The experimental data do have 
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the qualitative features predicted by the theory : 

T. is relatively strongly temperature dependent at 

low energies, where quasiparticle relaxation is do- 

minated by recombination, but only weakly tempera- 

ture dependent at higher energies where scattering 

dominates, and it decreases roughly exponentially 

with increasing energy at high energies. 

Fig. 1 : Measured quasiparticle inelastic relaxation 
time versus normalized quasiparticle energy E/A(O)= 
Leai - A(T)] /A(O) for several bath temperatures. 

However, the quantitative agreement between experi- 

ment and theory is only fair. An attempt at a global 

least-squares fit of experiment to theory yielded a 
' -9 

value of 2.1 X 10 S for the scale time T of the 

Kaplan et al. theory 131. 

Fig. 2 Theoritically predicted quasiparticle inelas- 
tic relaxation time for the same conditions as Fig. 
1. These curves include corrections for the increase 
in effective quasiparticle temperature with increa- 
sing injector power for fixed bath temperature. 

unreasonable, because T is inversely proportional 

to both T~~ and the strength of the electron-phonon 

coupling constant for weak-coupling superconductors 

131. The high Tc (% 2.4 K) of our dirty A1 would 

indicate a reduction of T by a factor of about 9. 

We would expect a further reduction from the in- 

creased eaectron-phonon coupling constant which 

should accompany the increased Tc 141. Finally, 

recent measurements of .r for clean A1 /S/ indicate 

that it is roughly 7 times smaller than Kaplan 

al.'s theoretical estimate. 

We have also estimated from our data the pho- 

non-trapping factor for the injected A1 film. It is 

surprisingly large, 20. This is difficult to un- 

derstand in terms of existing simple models, and 

may be a consequence of the complexity of our mul- 

tilayer tunnel-junction structure. It should be no- 

ted, however, that the phonon-trapping factor does 

not enter into the experimentally determined quasi- 
particle relaxation times in this experiment, as 

it does in many others. 

We conclude from these results that experi- 

ments of the type described here provide a power- 

ful tool for the detailed study of the energy and 

temperature dependences of quasiparticle relaxation 

times in a nonequilibrium superconductor. 

References 

/ l /  Kaplan, S.B., Kirlep, J.R., and Langenberg, D. 
N., Phys. Rev. Lett. 2 (1977) 291. 

121 Chang, Jhy-Jiun, Phys. Rev. Lett. 39 (1977) 
1352. 

/3 /  Kaplan, S.B., Chi, C.C., Langenberg,D.N., Chang 
J-J., Jafarey, S., and Scalapino, D.J., Phys. 
Rev. B 16 (1976) 4854 ; Erratum : ibid., 
(1977) 3567. Numerical results used here were 
kindly provided to us by J-J. Chang. 

141 Keck, B., and Schmid A., J. Low Temp. Phys. 2 
(1976) 611. 

/S/  Chi, C.C., and Clarke, J., Bull. Am. Phys. Soc. 
22 (1977) 373. 

This is about 200 times smaller than the theoretical 

estimate / 3 /  for pure Al. This result is perhaps not 


