Instability at a nonequilibrium superconducting junction
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The tunnel injection of electrons from an auxiliary junction at a Josephson junction
is accompanied by an instability. The threshold for the instability and the state that
arises are determined by both the normal current and the dissipative part of the
Josephson current. The average value of the voltage that arises is found, as is the
amplitude of the alternating voltage.

At low temperatures the distribution function of the excitations in one of the
electrodes of a superconducting junction can easily be driven from equilibrium. If a
deviation from equilibrium is induced in an electrode with a large value of the order
parameter 4, then the resistance of the Josephson junction will become negative even
if the deviation from equilibrium is comparatively small [greater than exp( — 4 /T’)].
As a result, a static solution with a direct current J becomes unstable. This pheno-
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menon was first pointed out by Aronov and Spivak' in a study of the photoelectric
effect at a Josephson junction. In the present letter we wish to call attention to two
important circumstances. The first is related to a simpler possibility for experimentally
observing this phenomenon, by using an additional tunnel contact to create a nonequi-
librium distribution function. We derive a condition for the occurrence of an instabil-
ity for this case. The second circumstance is related to the fact that at a Josephson
junction there is, in addition to the one-particle tunnel current, yet another dissipative
current, which is proportional to cos2¢ (Refs. 2 and 3). An instability in this current
sets in before that in the one-particle current, with important consequences for the
qualitative picture of the resulting effect. The cos2¢ dependence of the dissipative
current is very nonlinear, determining the amplitude of the steady-state oscillations.
Upon a slow change in the voltage across the junction, the current J through the
junction is

J C 3%y

— = — + L (w)sin2¢ + I(w)cos2y + [3(w), (1)
e e? at?

where @ = eV = d¢ /dt, and C is the capacitance of the junction.

The coefficients I, ,; at equilibrium were found in Ref. 2. Generalizing those
results to the nonequilibrium case, we find

1
L(w)= T J de {Fy(e)Fg (e - ) (@) — £ (e - w)) ; |
2

1
L(w) = 2R, & Jdepy (e +w)pp@lff (e + W)+ D e+ w) - FP(e) - FPeNn,

where

— - A
p(€)=l_e_l_0(il_ﬁ F (¢ =—ep(e), (3)
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fYe) is the odd part of the distribution function [at equilibrium, we would have
SY(e) = tanh(e/2T')], and f?(¢) is the even part.

The coefficient I, contains no dissipative terms. At a zero frequency we would
have I, = J, /e, where J, is the critical current of the junction. At a zero voltage a
nonequilibrium current I,(0), proportional to the distribution function f® arises. The
current 7,(0) causes the critical current of the junction to become dependent on the
voltage.

The stability of the static solution of Eq. (1) is determined by the sign of the
coefficient of d¢ /3¢. Let us assume that a deviation from equilibrium has been induced
in the superconductor on the right with a large order parameter Ax. For a voltage
eV <Ay — A, we then find

2

R™ Y= (J(V)=J(-V))2v= TeO[Iz(w)COSW t @)~ L(- w))2]
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In deriving (4) we assume that the nonequilibrium correction to the distribution func-
tion is concentrated near the threshold 4. The nonequilibrium distribution function
created by tunnel injection from an auxiliary junction was studied in Refs. 4-6. At a
voltage eV, on the auxiliary contact slightly above the gap size A, the difference
between the distribution function £ and unity is a step. In this case we can write

N=[ dep(e) (1 —fD(e)=— sr V@A) (eV, — A (5)
AR
The size of the step, 8f", can be expressed in terms of the resistance of the auxiliary

junction, R,, the energy relaxation time 7., and the volume of the superconducting
film® &

— 5f(1) = (W‘re)”z/(2(eVu __ AR))IM :

1 mpo

T, = gAY/ whs v=—é?

Y —
8e2Ru dv €

It follows from (4) and (5) that an instability occurs at an exponentially small value of

5F Y,

A
N_=NO® 1+ 5.0 Gl N©® < 2MR>1/2 A~ Ap Ag
cr = or R > cr -= exp(— —)
(A =GP + B, /A T A T
(7

The instability threshold increases with increasing external current .J.

The nature of the steady state will depend on the extent to which the threshold is
exceeded. If the threshold is exceeded only slightly, the steady state will be oscillatory.
The period and amplitude of the oscillations can be found from the condition

dyp |2

§dt<—a—t> R ' w)=0. (8)

The integral in (8) is evaluated over the oscillation period.

If the threshold is exceeded only slightly, the oscillation amplitude ¢, is small:
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2eJ .
o(t) = go + ¢y sinQt ; Q= _CQ - (J/Jc)z)uz; cos2po =(1 - (J/Jc)z)u2 3

(9)

8V A A
02 = _ %% |je L |14+ 2L COS2tpo:l - (4, /1a)H).
2(eV, — AR) Ap cos2p Ap

There exists a certain pump level above which there will be an abrupt change to a
growing solution ¢(¢). For the current J=0 this pump level N is
N=N934, +A4,)/(Ag + 34, ). For higher pump levels, an average voltage appears
across the junction. This average voltage is given by

S

J/e= ;fod‘p[lz(w)cosmp + Lw]; w=—_—, (10)

where I, , are given by Eq. (2). If the resulting voltage eV is large in comparison with
{2, then we would have

J/e=Is(eV).

If the current is not too low, J < J_, the voltage eV is approximately equal to the sum
4g +4,.
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