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Resume. - Nous présentons un modèle théorique permettant d’expliquer la résistance diffé-
rentielle négative observée dans les microponts supraconducteurs. Ce modèle postule l’existence
dans le pont d’un état hors équilibre où le gap supraconducteur est abaissé et où le courant critique
diminue lorsque la tension augmente créant ainsi une résistance différentielle négative. Le modèle de
température effective de Parker [6] est utilisé pour calculer la caractéristique courant-tension.

Abstract. - A model is presented to explain the differential negative resistance observed in super-
conducting microbridges. This model postulates the formation in the bridge of a non-equilibrium
state where the superconducting gap is lowered and the critical current decreases as the voltage
increases thus giving rise to a differential negative resistance. The effective temperature model of
Parker [6] is used to derive the current-voltage characteristic.
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1. Introduction. - We reported previously measu-
rements of the 1 V curves of superconducting thin
film microbridges [1, 2]. Two different regimes were
observed : the first close to Tc is well described by
the so called phase slip process, the second appears
at lower temperatures where the current voltage
shows a negative slope (differential negative resistance)
(D.N.R.) with a constant voltage generator. The
dynamics of vortices in the bridge gave an expla-
nation of the plateau observed with a constant

current source, but gave no satisfactory description
of the D.N.R.

In this letter, we propose another explanation
based on the formation in the bridge of a domain
where the quasiparticles are out-of-equilibrium and
hence at a higher effective temperature than the lattice.
Aslamazov and Larkin [3] have already computed

a I- V characteristic using a non-equilibrium electron
function. Their expression failed to give the right
temperature dependence of our experimental results.
We propose to take into account the dissipation
related to the acceleration and breaking of pairs
in the bridge.
The physical picture is the following : we invoke

the concept of quantum dissipation during the phase
slip process, introduced by Rieger, Scalapino and

Mercereau [4]. In a one-dimensional phase-slip situa-
tion, the superconducting pairs are accelerated to

their critical velocity, then break and the process
repeats at the Josephson frequency. v J = 2 e v/h
(where v is the applied voltage).

Part of the condensation energy is lost in each

cycle. The power lost by this periodic dissipation is

7/~) ~ where IS(t) is the time average supercurrent.
The recombination of pairs results in the emission
of phonons of energy twice the superconducting
gap. In a narrow bridge of thin film, a recombination
phonon is far more likely to be reabsorbed by the
superconductor with the creation of two quasi-
particles than to escape from the superconductor [5].
We thus create a non-equilibrium region in the bridge,
where the density of high energy phonons and of
quasiparticles is higher than in thermal equilibrium
at the ambiant temperature T. The effective gap L1 *

in this region is smaller than d ~T ) and the critical
current decreases, thus giving an explanation for
the D.N.R. This additional superconducting dissi-

pation means that a weak superconductor dissipates
more power for a given voltage than in the normal
state, because the total d-c current is given by
~

I = v R + 7g and the total dissipation byjrv
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The normal dissipation V 2 / R is heat or low energy
phonons, whereas the quantum dissipation VIs gives
rise to high energy phonons and hence to a non-
equilibrium superconducting region with a lower

gap.

2. Development of the model. - The quantum
dissipation has been calculated by Rieger et al. [4]
using time-dependent Ginzburg-Landau equations.
They computed numerically the superconducting i
current 7~) at a given voltage, and hence the dissi-
pation ~7g. The d-c I-V characteristic has also been
computed. It is given in figure 6 of reference [4].
A good analytical approximation to this characte-
ristic is :

We describe the out-of-equilibrium superconductor
by the effective temperature T* model due to

Parker [6]. In a situation where the number of phonons
of energy greater than, or equal to 2 J is much greater
than the number of phonons in thermal equilibrium,
Parker proposes to characterize these high phonons
by an effective temperature T*, and to describe
the superconductor with ordinary BCS theory at

the temperature T*. The critical current is given by
the Ginzburg-Landau formula [7] :

where t* = T*/7~ 7c is the critical temperature,
~1~ the critical field and Â-c the London penetration
depth.
//r*) = 7/0) (1 - t*2) (1 - t*4)1~2, for t* of the

order of unity :

Finally, we estimate the effective temperature T*,
by a balance equation (heat equation) :

In the right member of equation (3), the first

term represents the diffusion of high energy phonons,
the second term the generation due to quantum
dissipation, and the third term the decay due to

inelastic phonon scattering and the escape of phonons
from the bridge region. The bridge being of small
dimensions f~ 1 ~m), we do not take into account
variations inside the bridge and so neglect the first
term. The second term is given by x~7~ where a is a
phenomenological coefficient representing the fraction
of the quantum dissipation converted into the quasi-
particles and high energy phonons system : the energy
relaxation time Te has been estimated and measured
for tin by many authors [8] and is of the order of

10 -1 ° seconds. At very low voltages, where the Joseph-
son period Tj is larger than LE, the relaxation will
occur quickly on the scale of Tj and the equilibrium
model at T* is valid. Equation (3) reduces to :

or

with

y is the only adjustable parameter of the theory.

Because 1 = I - R v ; ~ equation (4 ) reads also : "

By eliminating t* and using equations (1, 2 and 5),
we obtain the equation of the 7-~ characteristic :

Equation (6) is valid only for rj &#x3E;&#x3E; 10 ‘ 1 ° s or

Y  20 ~V.
At high voltage, as discussed by Octavio et al. [8],

the theory of Aslamazov and Larkin [3] is more

appropriate. The heating is less effective, the effective
temperature is reduced. For simplicity, we use the
asymptotic value of formula (1), the temperature
being that of the helium bath :

This is valid for Y &#x3E; 20 Jl V and is in agreement
with the result of Rieger et al. [4] given by equation (1 ).
From equation (6), we can derive the slope dI/d V

of the I- V curve at V = 0 and I = Ic. We find :

This model gives in fact a differential negative
resistance. This negative slope goes to zero as T

approaches Tc.

3. Comparison with experiment. - We reported
experiments on tin microbridges in reference [2],
showing a strong negative resistance. However, one
has to be careful in analysing the precise shape of
this region. Self-sustained relaxation oscillations

appear in the negative resistance region. The shape
of the I-V curve is completely altered in the negative
region by detection of these oscillations. So direct
comparison of equation (8) with experiment to

obtain y is difficult. The internal resistance of the
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constant voltage source gives a minimum value
for the experimental D.N.R. observed. From this
internal resistance, we deduce a minimum value of y :
y &#x3E; 5 x 105 W -1. We draw the 1 V curves using
equation (6) for low values of V, and equation (7)
for high values of V (Fig. 1). The numerical values
of 7e and 7~0) where taken from a sample of tin.
The measurements were reported in reference [2] :
//0) = 37.4 mA and 7, = 3.765 K, 7/D followed
equation (2) with a good precision. The two curves
intersect for a value of V in the range of 10 ~V corres-
ponding to experimental observation. For this value ~cE
is greater than Tj. The intersection of these two curves
gives a value 1M for I minimum. Figure 2 shows the
variation of 1M versus 7~ 2013 T and a comparison with
experimental values. The best fitting was obtained
with y = 3 x 106 W-1. The variation with T~ - T

FIG. 1. - V-1 characteristic deduced from equations (6) and (7)
with y =3xlO~W~.

FIG. 2. - I minimum versus T~ - T. The crosses are the experi-
mental points, and the full line the calculated curve with

y=3 x 106W-1.

is surprisingly good, although our procedure under-
estimates IM.

In conclusion, we think that this simple model
gives a good explanation for the D.N.R. observed
in small superconducting microbridges. A more
sophisticated theory is needed to describe the region
where rj is of the order of i~.
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