


Observed current was expected to be a sum of I, and dl. We can separate these
components using different response to the injection current. The shape of the curve of V-
| characteristics is seen to depend on the magnitude of the injection current, and did not
seem to depend on the polarity. This would be because the heating effect due to energy
dissipation of the injection current governed the change in the distribution function g(E)
in normal metal electrode, which results in voltage dependence of I,,. Thus I, is symmetric
in injection current. On the other hand, the excess current is an anti-symmetric function in
injection current. The polarity of the excess current is the same as that of the injection
current while the magnitude of the excess is determined by the magnitude of the injection
current. Considering these fundamental difference in the symmetry against injection
current, we extracted the two components using following equations,

201 = |(V, Iinj) - |(V, _Iinj)y (4)
21, = |(V, Iinj) +|(V, _Iinj)- (5)

Fig. 3 shows the bias dependence of the excess current. It was seen that the excess current
of SIN junction was unchanged against bias voltage as expected from Eq.(2).
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Fig. 3. Bias voltage dependence of excess current. Al = 20l.

In Fig. 3, although the injection current was varied in equal current steps (4 nA), it was
discernible that the excess current was not equally spaced especially in low injections.
This indicates that the excess current is suppressed in low injection currents, which is one
of the characteristic features of the charge imbalance. When the electrons are injected
from normal metal electrode to the superconductor, the excitations are created in both the
electron and hole branches with a probability dependent on the bias voltage. The



efficiency F~ to create charge imbalance associated with the probability is given by the
formula,

jﬂ(E)‘l( f(E~eViny) -~ T (E +eViyy))dE
F =4 ' (6)

J/T(E)( (E - Vi)~ T (E +eViyy) JE
A

F" is a monotonic increasing function of Viy. At Vi, = Ale, F" is zero. This is because at
that energy, quasi-particles have both the electron like character and hole like character
equally and do not contribute to the charge imbalance. For large |Viy| values, F
approaches 1 monotonically. The observed suppression of the excess current is
considered to be due to factor F", because at those injection current actual bias voltage
was near gap voltage.

Next we discuss the magnitude of the excess current. Charge imbalance is believed to

conduct in the superconductor obeying diffusion equation, D?j%— Q . 0, where D is
XS T
Q

the diffusion constant, Ty is the relaxation time of charge imbalance. If we limit the

system to one dimensional superconducting wire with injection carried out at the one of
the end of the wire, we have an analytic solution,

«_AligF™
—Wexp( X//]Q*) . (7)

Here, S is the cross sectional area of the wire, )IQ* is the spatial relaxation length defined

Q

as )IQ* = /DTQ* . Using Eq. (1) and (3), we estimated the excess current using
experimentally determined relaxation length AQ*. If li; = 60 nA and d = 2 pm, the

estimated excess current was about 91pA which agrees with measured value of 92 pA.
We used N(0) = 1.05 x 10*" states/Jm® for density of states of aluminum for one spin
orientation. Diffusion constant was estimated to be D = 5.2 x 10 m%sec from the
resistivity measurement of normal state aluminum at T = 4.2 K. We also calculated F
using Eq. (2) for actual bias voltage. We used )IQ*= 3.8 um which was measured by the

spatial decay of excess current using different probe configurations (not shown). These
results assured that the measured phenomenon is due to charge imbalance effect.

4. Conclusion

We have observed excess current due to charge imbalance in the V-1 characteristic
measurements in non-equilibrium superconductors. The V-1 characteristics have exhibited
striking difference in the dependence on the bias voltages. The excess current was



independent of the bias voltages as expected, while the normal part of the current was
voltage dependent, whose shape in V-I characteristics is approximately the same as that
for SIN junction connected to the equilibrium superconductors. These results are
consistent with the theory of tunneling current for non-equilibrium superconductors. Our
study would provide new method to study the charge imbalance in non-equilibrium
superconductors.
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