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In a mesoscopic superconductor—normal metal—supercondugaés) (heterostructure the quasi-
particle distribution can be driven far from equilibrium by a voltage applied across the normal metal.
This reduces the supercurrent between the superconducting electrodes, which creates the possibility of
using theseSNS junctions as fast switches and transistors. We describe the system in the framework
of the quasiclassical theory and find good agreement with recent experiments. We propose further
experimental tests, for instance, the voltage dependence of the current-phase relation, which includes a
transition to az junction. [S0031-9007(98)06894-X]

PACS numbers: 74.50.+r, 73.23.Ps, 74.40.+Kk, 74.80.Fp

Nonequilibrium effects in superconducting systems [1]mal wire between the normal reservoirs is shorter than the
have been gaining new attention due to the increased anielastic scattering length, the distribution functigrhas
tivities in the field of mesoscopic electron transport [2]. Inthe nonequilibrium (two-step) form observed in the ex-
contrast to earlier work on nonequilibrium superconductiv-periments of Pothieet al. [3]. (iii) This nonequilibrium
ity the new experiments show nonlocal and size dependewlistribution reduces the supercurrent between the two su-
(d) effects by reaching temperatures below the characteperconducting contacts through the normal metal, which
istic Thouless energ¥r, = D /d>. The understanding allows the tuning of the supercurrent by a perpendicular
of this regime is not only of fundamental interest, but alsovoltage. For best performance as a transistor, in the setup
important for nanoelectronic applications. The size reducef Fig. 1a, the width of the superconducting contagis
tion of electronic devices is accompanied by an increase ighould be chosen narrow compared to the width and length
operation frequency. For instance, in the system considsf the normal wired andL, respectively. The first condi-
ered below the latter is limited b#ry,. tion ensures that only a small fraction of the control normal

Recently Pothieet al. [3] probed the quasiparticle prop- current is diverted through the superconductors, and ac-
erties in short diffusive wires by coupling tunneling con- cordingly the distribution function itV is little disturbed
tacts to it. They found that in mesoscopic wires theby the presence of the superconducting electrodes. The
distribution function has a nonequilibrium energy depen-second condition ensures that the voltage is nearly con-
dence, with a double-step structure at the electrochemicatant along the superconducting leads, while the total volt-
potentials of both reservoirs. In different setups, sketchedge drop responsible for the nonequilibrium and reduction
in Fig. 1, Morpurgoet al. [4] demonstrated that in a su- of the supercurrent may be large. Since the effect relies
perconductor—normal metal heterostructure the nonequen a deviation of the distribution function from local equi-
librium quasiparticle distribution due to a normal currentlibrium with shifted electrochemical potential, the normal
flow in N can be used to tune the supercurrent between theire should have mesoscopic dimensions, i.e., the length
superconducting electrodes. This opens the perspective foshould not exceed the inelastic relaxation length
use such devices as ultrafast transistors. The presence of the superconducting electrodes induces

To account for their experimental findings, Morpurgo correlations in the normal metal (proximity effect), which
et al.[4] proposed a qualitative model based on aare responsible for a supercurrent. Their decay length
quasiequilibrium distribution function with locally en- depends on energy: Correlations with eneegy> Ety
hanced effective electron temperature. This picture is

appropriate in the limit of strong electron-electron inter- (®) (b)
actions. However, inelastic processes have only a weak -v/2

- . . vi2l - ) -V/2
effect in the mesoscopic sample considered here. In fact, T —l IN i |_N
we find the best performance in the opposite limit. IN N — —

In this article we will describe mesoscopic supercon- d .
ductor—normal metal heterostructures as shown in Fig. 1. o - - U=0 Is U=0

For a quantitative analysis we use the quasiclassical theory. u=0 | .~ | uU=0 |_ N— =N
It accounts well for the relevant physics: (i) The spectral s ﬂ N - N |_
properties in the normal metal are modified by the prox- v -Vi2

imity effect due to the presence of the superconducting U=viz L

electrodes. (i) The quasiparticle distribution function iSf|G. 1. Realizations of th6NS transistors. The supercurrent
found as the solution of a kinetic equation. If the nor-is tuned by (a) a perpendicular or (b) a parallel normal current.
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decay exponentially, while those within the range of order

Ern carry the supercurrent. If, in a nonequilibrium Situ- 14 1 (‘\ Numerical @=174
ation, these states are occupied and in this way blocked 15 | }‘\ fffff ¢=T02
for superconducting correlations, the superconductivity is :\ ——— ¢=314
weakened and the supercurrent reduced. This suppression 10 - | —— ¢=0.99m |
mechanism will be described in this paper, based on the | Approximate — #=T02

[ee]

real-time formalism of quasiclassical Green-Keldysh func-
tions in the diffusive limit [1,5].

In the first step, we describe the proximity effect in the
normal metal by analyzing Usadel's equations. The stan-
dard parametrization of normal and anomalous retarded
Green functionsGR = cosha and FR = sinhaet al-
lows us to write these equations, for the normal metal re-
gion between the superconducting electrodes, in the form

Im(I)R/E,,
[e)]

] ] 0 10 20 30 40
Daia = —2iesinha — (D /2) (3, x)*sinh2a, 1 E/E,,
drje = 0, je = (0 x)sin a . FIG. 2. The spectral current Inj.) as a function of energy

for different values of the phase differenee. At higher
Here, D is the diffusion coefficient and is the coordinate energies, we find oscillations according to Eq. (4).
normal to theNS interfaces. We introduced the energy-
dependent “spectral current?. For simplicity we ignored €. Atlarge energies, it changes sign and oscillates around
the dependence of the spectral quantities on the coordinaZ&ro with exponentially decaying amplitude.
y parallel to the interfaces, which merely leads to a Next we determine the nonequilibrium quasiparticle
quantitative modification of our results. In the realistic distribution in the normal metal between the reservoirs,
limit A > Ety,, for transparent interfaces, the boundaryWhiCh are at different electrochemical potentiaigV /2.

conditions at these interfaces,= +d/2 read [6] In a wire of mesoscopic lengtll, < [j,, in the diffusive
limit the distribution function obeys the kinetic equation
a(£d/2) = —iw/2, x(xd/2) = =*¢/2. (2) Daolf = 0. (5)

. . . . In the absence of superconducting contacts, its solution
In two limits we find analytic solutions of Egs. (1) and P g

(2). For low energieg < Et, we obtain fle,y) = (1/2 = y/L)f*U (e + eV /2)
. + (1/2 + y/L)f*Y(e — eV/2)  (6)
—im/2 + (e/Etp)a(¢) + O(e”), has two temperature-rounded steps at the electrochemical
x = ¢x/d — (e/Et)*b(d) + O(€?), potentials of both reservoirs. The step heights depend on
the position along the wire; in this way the distribution

wherea($) andb(¢) are real-valued functions (omitted function interpolates linearly between the boundary condi-

for brevity). For higher energies > Er, we obtain [6]  tions aty = *L/2. This functional dependence was de-
tected in the experiments of Pothietral. [3].

1

o

FR = Fo(x — d/2)e'?? + Fo(d/2 — x)e™ %%, (3) Although the distribution function definitely does not
have a thermal form, a local electrochemical potential of

where the normal metalu(y), and an effective electron tem-
perature can be defined by its moments. In the following
Fo(x) = 4¢ (11_+;22)2 ’ g =i(V2 - l)efx\/m we will consider the situation where the electrochemical

potential of the superconductors coincides with the local
value of the normal metal, which guarantees that there is
no net current out of the normal metal into the supercon-
. _ ductors. Since we further have chosen the size of the su-
IM(je) = 64qd.qli=L/2SiN¢ . (4)  perconducting contactgls, small compared to the width
and lengthd and L, of the normal wire, the distribution
In addition, we have studied the problem numerically. Theunction in is little disturbed by the contacts.
results for the spectral current (i) are combined in On the other hand, the quasiparticle distribution function
Fig. 2. Itis an odd function o¢ and shows a proximity influences the induced superconducting correlations. The
induced minigap [7]e, = 3.2E, at¢ = 0, below which  sypercurrent through the structure is given by
Im(j.) = 0. This gap decreases [8] with increasignd J o
vanishes aip = 7. At energies directly above the gap, Is = —
Im(j.) increases sharply, but rapidly decreases at higher 2Ry J =

and

de[l = 2f(e,ys)]Im(je),  (7)
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wherel/R; = 2¢*NyD S/d, S is the junction area, ang 647 — SO JEm
denotes the position of the superconducting electrodes. feRa = 3+ 242 €
is important to note that the energy is measured relative

eV
coy ——— +
S<2\/ QyErh gDO)

to the electrochemical potential of the superconductors, eV » foreV > €,.T < ¢
which we have chosen to coincide with the local value of X QuTP+eV?
the normal metalu(y). Because of the odd symmetry r B, for7 > e,

of Im(j.), only the odd component of a nonequilibrium
quasiparticle distribution modifiegs. Accordingly the (8)

first term in the integral (7) can be written as [1,6] HereQy = 7T + /(@T)2 + (eV/2)? and
—f(e,ys) + f(—e€,ys), which displays that an excess

number of electronlike or of holelike excitations have the 7/2 foreV > €, T < ¢
same effect on the supercurrent. Yo =1 L 1 €V
The largest effect is found when the superconducting y | oy | forT > e,

electrodes are placed symmetrically between the two NONonequilibrium effects also influence the current-phase
mal reservoirs [i.e. af = 0; see Eq. (6)]. The resulting N P

supercurrent across the superconducting—normal metafglatIon Is(¢). The rich variety of different curves at

superconductor9NVS) junction is presented in Fig. 3 as dlf'fer_ent y_olt_ages is displayed in Fig. 4. _In contrast, a
a function of the voltagd’ across the normal metal. quasiequilibrium theory would always predict a functional

At low temperaturesT < eV, f(e,0) deviates from deé’ﬁfldeeﬁceesaus Z?c?x\;?elr?ttg;gss teif tcr)]r?efrlu%gle' as a func-
the equilibrium value only in the window-eV /2 < P Y P y

e < eV /2. Since the spectral current jmvanishes for gogte?; b?cgheTrtisgdeéOTJZsrinéghutilitt%utrcr)l %i%irlbv?/it:whgf-
€ < €, there is no modification of of the supercurrent y prop yaq g y

for small voltageseV < 2¢,. On the other hand, for fective V-dependent temperatuf®®. Exactly this strat-

i ith™ = /72 2 2
eV > 2e,, extra quasiparticle and hole states with energie gy was adop_ted in Ref. [4].W'm =ty (eV_) '
le| below ¢V /2 are occupied and the supercurrent is he the best fit to the experimental data was obtained for

N - . o
diminished. Since this energy window increases with? ~ 6 K(mV)~", whereas the theoretical prediction from

i — -1
increasingV, the supercurrent decays rapidly with voItagea simple model way = 3.2 K(mV)~". In our approach,

(cf. Fig. 3). This is exactly what has been observed inthe distribution function in the normal metal, in general,

cannotbe described by the Fermi function with effective

the experiments [4]. Furthermore, at still larger voltage *
eV = 10Er, the supercurrent changes sign since thdemperaturg™”, and the analogy between temperature and

integral in (7) is dominated by the energy interval WhereVOItage IS m|s|ead|_n_g. One_ of the most strlkln_g conse-
Imj. < 0(Fig. 2). We thus find a transition to a so-called guences, the. transition toa junction, Is not obtained in

7r junction [9], controlled by nonequilibrium effects. This the quasiequilibrium descrlpt_lon. .

effect is rather pronounced; the critical current of the _Nevertheles_s, our. theoretical results agree fairly well
junction is approximatel$0% of I, atT = eV = 0, with the experiment in the relevant range of temperatures

For high voltages or temperature®, T > €., we find ﬁporl]voltaglgtes. TTﬁ tranflggndtqﬂgn;:tlzn IS pcrjed|cted for f
Is = I, sing with critical current igher voltages than studied in Ref. [4], and was recently
observed [10].
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FIG. 3. The supercurrent as a function of control voltage (atFIG. 4. The supercurrent-phase relation at different tempera-
T = 0) and temperature (& = 0) for various values ofp. tures (inset) and control voltages.
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The configuration of Fig. 1a is but one realization of by the same material-dependent conductivity the ratio de-
a mesoscopic system where the supercurrent can be copends on the relevant lengti®, /R, « Ldgs/d*>. Hence,
trolled by an externally applied voltage. Another realiza-by choosing a sufficiently long control liné, > d, dg, a
tion, also studied in Ref. [4], is depicted in Fig. 1b. In power amplification can be achieved.
this case the distribution function in thé layer between In summary, we have presented a microscopic descrip-
two superconductors is driven out of equilibrium by thetion of nonequilibrium electronic properties of mesoscopic
normal current flowing parallel to the supercurrent. Pro-SNS heterostructures. The distribution function in the
vided d < L there is practically no voltage drop across normal metal can be driven far from equilibrium by a volt-
the SNS junction and only dc Josephson effect can be conage applied at a distaneeL from the junction. This dis-
sidered. Since the distribution function has the same forntance is limited only by the inelastic relaxation lenggh
(6) as before, the previous results fgfV) apply also to We analyzed how the supercurrent across the sample is
the structure of Fig. 1b. Again, good agreement with theeduced by this control voltage. The strongest reduction
experimental findings [4] is observed. and, hence, best performance of the device are found in a

A similar system, namely, a diffusiv6INIS system mesoscopic situation, when the distribution function devi-
(S: superconductingl: insulating; N: normal metal) with  ates significantly from a local equilibrium form. We estab-
a thin d < &) N-layer separated by low transparency lished the connection to experiments and suggested further
barriers from the superconductors was already studietbsts. The possibility of controlling the supercurrent by an
by Volkov [11]. In this case, the superconductors andexternal voltage allows several technical applications, for
the normal metal are in equilibrium, except that theirinstance, the use as a high-frequency transistor with power
electrostatic potentials are shifted relative to each otheigain proportional to the ratio between length and width of
i.e., the total voltage drop occurs across the barriers. Alsdghe normal wire.
in this case, a voltage-dependent supercurrent reduction We want to express our respect to the late Albert
as well as a transition to & junction was predicted. Schmid, who pioneered the theory on which this work is
However, there are important qualitative differences inbased. We acknowledge discussions with R. Raimondi,
(i) the form of the nonequilibrium distribution function T.M. Klapwijk, B.J. van Wees, A. Morpurgo, J.J.A.
in the N metal (which has docal equilibrium form in  Baaselmans, and H. Pothier. This work was supported
Ref. [11], while it depends in aonlocal way on the by the DFG through SFB 195 and a Graduiertenkolleg,
applied voltages in our case), (ii) the question whetheand by INTAS Grant No. 93-790-ext.
the chemical potentials &f andN metals are shifted, and
(i) the resulting voltage dependence of the supercurrent.
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