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We studied a mesoscopic crosslike normal-metal structure connected to two supercon@)cingd two
normal (N) reservoirs. We observed the Josephson effect under unusual conditions when there is no current
through one of the two S/N interfaces. The potential difference between the S reservoirs was zero unless the
voltage applied between S and N reservoirs exceeded a critical value although the electric potential in the N
wire connecting the superconductors varied in a nonmonotonic way. The observed effects are discussed
theoretically.

The first studies of transport in superconductor—normalprediction was made in Ref. 11 and briefly discussed in Ref.
metal (S/N) mesoscopic structures were focused on the del7, but up to now it was not observed experimentally. In this
pendence of the normal-metal conductaggon the phase paper we report on experimental studies of the effect, discuss
difference ¢ between the superconductors S. It was estabits physical nature and present results of theoretical analysis.
lished thatGy is a periodic function of the phase difference  First we discuss the physics of the effects using a simple
¢.17% The other problem—the effect of a current in the nor-Pheénomenological model. Later the main features of this
mal wire on the critical Josephson currépt(see Fig. 1— model will be reproduced on the basis of a microscopic ap-

has been studied recently. Amongst other findings obtaineBroaCh' For simplicity we consider a structure similar to that

in the course of these studies there are two remarkable e§_hown in Fig. 1 in which the left Nreservoir is absent. The

fects. The first one is the so-called sign reversal effect. Th&UMeNts in the normal wires can be written as follows:

critical currentl . changes sign in the structure similar to the 13 0=l s+ 1 go1 2 (1)
one shown in Fig. 1 if the current flowing between the N ’ s
reservoirs exceeds a certain value. This effect was studied in I=(Vo—Vp)/Ry(@). 2)

a Nb/Au mesoscopic structure with a short mean-free path . . , .
(diffusive regime.” The sign reversal effect was analyzed Here Is=Icsing is the supercurrent in which the critical
theoretically in Refs. 8—1(Qballistic regime and in Refs. current is a fun.ctlon of the.elegtnc potenti},, the second
11-14(diffusive regime. Another interesting effect was ob- t_er\;n |/r|1?Eq.(1)\|7 t_hethquas![pa?lclletc;lﬁrrentqpl_,zz = (.VS«S’
served in a diffusive Al/GaAs mesoscopic structtié. was 0)/RiA¢), Vo is the potential at the crossing poibsy
found that an additional current driven through the dopeqare the pptenﬂals atthe S and N reservolrs, and the.‘ po_tentlal
semiconductor GaAs results in a nonmonotonic behavior o tthe S is set equal to zer@he potentiaVy is negative if

the critical current in the Al/GaAs/Al Josephson junctign arSmIsSRpogtlvzreT::;crt(ie;ssti?ctﬁz Oagsz'g?;;?énan?nvtig'cal
The currentl . first decreases with increasing,, then in- h»"01.2 P ee

creases and reaches a maximum valgavhen the voltage case of a weak proximity effect they can be represented in

between the semiconductor and supercondudtQris of the ter}?eg?msﬁé@;Rl'/zz_eflzl’z?ﬁ:qzuggztsﬁﬁgljlrﬁttg;:edgz-
orderA/e. This effect was analyzed theoretically in Refs. 12 ~ . sTROPIEE= L. 1 R 9
and 16. gling superconducting arm is zero; this means tNat

In both cases mentioned above an additional current was —IR, sing, i.e, the quas.lpamcle current is compensated
passed through the normal wire. However, the critical curren y the .supercurrent. EXC|Ud'n¢.b from Eqs.(1) and(2) and
was measured as the critical current in an ordinary Josephs@r?sum'ng thaR, = R,, we obtain
S/N/S junction; i.e., as a maximum current flowing through __ ;
both S/N interfaces at zero voltage between the supercon- Vn [Ru(e)+Ru(e)f2]21(Vising &
ductors. It turns out that Josephson-like effects can be ob-
served in multiterminal structures under rather unusual con-
ditions when there is no current through one S/N interfaceEquation(3) determines a relation between and V and
Consider the structure shown in the Fig. 1. Reservdirarl  Eq. (4) describes the form of thé-V curve if the phase
one N are disconnected from the external circuit and thedifference¢ is expressed as a function \@f;. Therefore the
current flows from the right N reservoir to the upper S res-phase difference in this structure is not arbitrary, but is gov-
ervoir. In this structure Josephson-like effects also arise. Therned by the voltag¥, . Particularly in the case of the small
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FIG. 1. Sample and measurement circuit schematic. ‘Sang L
N, N’ are superconducting and normal reservoirs. Arrows show v(nv)

currentsl =lqp +1s,1s= = lqp2 FIG. 2. Current-voltage characteristics of S/N/S structure with

. . dangling arm. Measurement current is passed between reservoirs N
voltage Vi, we obtain for the phase difference and S for solid and dashed lines. Solid line corresponds to the

E__VN/(ZICRO) and fo_r t_he CL_lrrenﬂ =~ Vn/Ry, W_here voltage V, measured between superconductors S andD&shed
Ro=(Ry+Ry/2). In the limit of high voltages the resistance | ¢orresponds to the voltags measured between reservoirs N

of the structure increases to the vallg, ¢ R,). The critical 54 5(see Fig. 1 Dotted line represents an experimenitl curve
voltage V¢, is defined as a maximum voltag¥/y| above o s/N/S junction.

which a finite voltage arises between the superconductors.
This value can be found from E¢B) as a maximumVy| for  tyre. The length of the normal paktyy, and the distance
which a solution of Eq(3) exists. Then, as follows from Eq. petween the superconductdrgg were 1.3 and 0.5.m, re-

(4), the effective critical current,, is equal to spectively. The coherence length of the normal metal is
: equal toér=+hD/kgT=1.3 um at the base temperature 50
lor=21c(Ver)Sing (Vo). (5 cdualtosy B w P

mK.
If the voltageVy or the currentl exceeds the critical ~ We performed measurements as follows. The curfent

value, one needs to solve Eq$) and(2) taking into account Was passed between the normal reservoir N and supercon-
a finite voltageVy between the superconductors. Theseducting reservoir §see Fig. 1. The reservoirs Nand S
equations cannot be reduced to a dynamic equation for th&#ere not connected to the measurement circuit. We mea-
phasee which describes a single Josephson S/N/S junctionsured the voltage/; between the Nand S reservoirs and

However, in this paper we will not discuss ac Josephsorihe voltageV, between the supercpnductors. Th'e rgsults of
effects in the structure under consideration. measurements are presented in Fig. 2. The solid line repre-

The analysis of the situation, when a curréris passed Sents Josephson-like effects in the S/N/S structure with the
between a normal reservoir and one of the superconductordangling arm. The potential difference between supercon-
carried out on the basis of this simple model shows the folductors is equal to zero when the current is less than critical
lowing features. FolVy|<V,, the potential difference be- !cr (solid !ine) dgspite the finite potential differe_nce between
tween superconductors remains zero, therefore a vertical lin@€ crossing point and superconductttashed ling As we
on thel (V) curve should arise; a nonlinear part with a finite mentioned before, the quasiparticle currésplits into two
slope onl(Vy) curve should appear. FoWy|>V,, a kink currentsl 4, andl g, at the crossing point flowing towards
appears on the current-voltage characteristics. This picture f&Uperconductors. The supercurrént equal to the quasipar-
confirmed by the present experimental data and by a theoreficle currentl 4, flows between superconductors in the op-
ical analysis carried out with the help of a microscopicPosite direction td . In other words, when the currehts
theory (quasiclassical Green’s function technigue passed from N to S, the phase difference adjusts in such a

The sample geometry is shown schematically in Fig. 1way that the potential difference between the superconduct-
The structure we studied consists of two crossed, 50 nr@'S and net current through the dangling arm are equal to
thick and 110 nm wide Ag wires with 50 nm thick and 500 zero. This means that the quasiparticle current in the hori-
nm wide Al leads attached to the vertical wire and 350 nmzontal N wire creates the condensate current in the vertical N
thick, and 20um wide Ag reservoirs attached to the hori- Wire. We would like to stress that contrary to the case of the
zontal wire. Electron beam lithography and lift-off technique conventional dc Josephson effect, the electric potential along
were used to produce samples. In order to ensure high tranf1e vertical N wire is not constant, but decreases from a
parency interfaces, we cleaned the Ag films before thénaximum at the crossing point to zero at the superconduct-
evaporation of the Al film via Ar sputtering. The interface Ors due to the quasiparticle current. The dotted line of Fig. 2
resistance was estimated to be of the order of the normdgpresents the current-voltage characteristic of S/juSc-
state resistance of the sample. We determined the mean fré€n measured in a conventional way, when current is passed
path |=37 nm and the diffusion consta=124 cnf/s between superconductdiS and 3) and voltagev, (see Fig.
from the measured resistance of Ag wire. The phase breakiny) is measured. The critical currehy, o (dotted ling is
length L,=1.5 um was obtained from magnetoresistanceless tharl, (solid line).
measurement of a coevaporated Ag wire at the base tempera- Here we present results of the analysis based on a micro-
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scopic theory. This analysis qualitatively confirms the main
features of the phenomenological approach given above. We
use the well developed quasiclassical Green’s function tech-
nique. (The application of this technique to the study of
transport in S/N mesoscopic structures is reviewed, for ex-
ample, in Ref. 18 We consider the diffusive limit and re-
strict ourselves to the consideration of the dc cagg=0).

We solve equations for distribution functiofis which de-
scribe the symmetric and antisymmetric parts of population
of the electron and holelike branches of the quasiparticle
spectrum. In the one-dimensional model assumed by us,
these equations can be solved exactly and formulas for the
potential Vyy and currentl can be written in terms of the
retarded(advancell Green’s functiond=R® which obey the 0
Usadel equation. In the general case these formulas are rathe
cumbersome. Here we present expressions for the currents in
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FIG. 3. Experimental and theoretical temperature dependencies

the simplest case when the S/N interface resist&Rgg is
larger than the resistance of the normal wiRRg,
=1/(oLg). In this case, excludiny, we obtain the current

5,
[,=l.sinp+1,+1_cose,

(6)

wherel, is the current in the upper vertical arm. All the
functions depend oWy and have the form

lt:(eRgerfomds[lm(Fs)lm(FsTi/es>feq_1, @)

lo=(eRn) [ "delIm(FOREFST /09T ugs

+Re(Fg)ImM(FsT _/0g)feql, (8)
where Fs=A/\(s+iy)?>—A? is the retarded Green's

function in the superconductors,T. =tanh s+ 6y)
+tanh @), Osn=+—2ielegn,esn=DA/ILEy is the
Thouless energy, feoq=tanhe/2kgT),feq. ={tank(e

+eW)/2kgT] = tanH (e—eW)/2kgT]}/2 are the distribution

functions in the N reservoir. For the current in the lower
vertical arm we have the same expression with opposite qua-

siparticle currentl,;=1.sing— (I, +1_cose). The critical
voltage is determined from the equatioh;=—1,

+Jlgt+1Z sin(e+6)=0 as a maximum value oV for

which a solution of this equation fap exists(we note that
| . increases with increasingy), where c0§=lcl\/lcz+lz,.

We find | . (Ve) = VIZ(Ver) +12(Ve,) and the critical cur-
rent is

ler=212(Ver)IVIZ(Ver) +12 (Vo). 9

The critical current corresponds to the phase differepgce
determined by the relation:

singe=1o(Ver)VI12(Ver) +12 (Vo). (10)

Figure 3 shows the experimental results and theoretical cal-
culations of temperature dependence for the critical current

., and the Josephson critical curreh}ijzo. Where vy
=0.1A, A(0)=1.7&gT., T.=1.4 K, D=140 cnt/s, and
Rgn=3.75 Q. The diffusion coefficient and the interface

of critical currents. Circles show the temperature dependence of the
critical current measured in a conventional way and squares show
the same dependence for the structure with a dangling arm. Calcu-
lated temperature dependencies of critical currents are shown by
lines. Solid line isIC|VN:0 ; dashed line id, ; dotted line is guide-

line I* =21y, —o.

cné/s and 0.7Q), respectively. The discrepancy of fitting
parameters and estimated values can be attributed to the fact
that in our sample®s=Rg, While in our model interface
resistance dominates over sample resistance. Nevertheless
the theoretical curves show qualitatively the same behavior
as the experimental ones. We note that these formulas are a
good approximation even Rg=Rg . We plot a guideline
I*=2IC|VN:0 for comparison. At temperatures below 500

mK, |, deviates froml*. There are two reasons for that:
first, the reduction of the critical curreht, by the voltage
Vy; second, the reduction of resistand&g,R; , related to
the proximity effect. The latter means that the phase differ-
ence which corresponds th, does not reachm/2 (¢,
<ml2) [see Eqgs.3) and (10)]. At high temperatures the
curves coincidé,=1* since both corrections are negligible.
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FIG. 4. Critical current$. andl ., versus additional bias voltage
applied between normal reservoirs measured at temperature 50 mK.
Circles and squares sholw andl.,, respectively. Inset: current-
voltage characteristics measured at additional bias voltage shown
by arrow. Dotted line represents theV/ curve of S/N/S junction.

resistance estimated from resistance measurement were 18dlid line corresponds to the measurement with a dangling arm.
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The S/N/S junction we have studied could be driven to thevoltage biasV . was applied between normal reservoirs N
m state by additional bias voltage applied between normaand N. The dependence of the critical currdt(Veont)
reservoirs N and N(seeV qn Of Fig. 1). At a certain value was similar tol(Veony) (See Fig. 4 squargsWe plot
of the bias, the current-phase relationship changes in suchcyrrent-voltage characteristics 4}, on the insert to Fig.
way that at zero current, phase difference is equattaue 4 e can conclude that despite different current-phase rela-

to the change in the_ electron distribution function. It tumstionship forar junction, the qualitative picture of current dis-
out that Josephson-like effects can be observed in an SINigp,\tion remains the same: the guasiparticle current in the

junction driven torr state, with no current through one S/N
interface. First we performed measurements similar to on
reported in Ref. 7. We measured the&/ curves of S/N/S

junction with additional bias voltagécon.; applied between In summary, we have studied the Josephson-like effects in

normal reservoirs N and N The dependence of critical cur- an AJAd mesoscopic structure with a danaling supercon-
rentl .(Vcontr) Was similar to the one observed by Baselmans 9 P gling sup

- L ducting arm. Experimental data on currents are in qualitative
et al. The critical current decreased with increasivi . ) .
* Ebntr agreement with theoretical results. The study of this effect

and disappeared af =180 uV. It reappeared again at . " : . .
hiaher vF(J)FIJta s recrigﬁin aMmaximunE)pvalue V?f* may yield additional information on the relaxation mecha-
g g 9 ontr nism of the distribution function and reveal new peculiarities

=288 pV (see F|g_|. 4 qrcle)s To ensure the change .Of on thel (Vy) curve at voltages larger than the critical voltage
phase-current relationship ¥, we measured the resis-

tance of the horizontal wire depending on current flowing " ¢""

through the S/N/S junction. At additional bias voltages less We would like to thank V. Shumeiko for useful discus-
than Vg, the resistance had a minimum at zero currentsions. One of the authof®.F.V.) is grateful to NEDO for
while at additional bias voltages more th¥f,,, it had a financial support and to Professor H. Takayanagi for hospi-
maximum. We then performed measurements as follows. Wality. We acknowledge the financial support of the NEDO
passed a current between N and S measuring the potentilternational Joint Research Grant. V.T.P. acknowledges fi-
difference between superconductors S arid Additional  nancial support from the EPSRGrant No. GR/L94611

dangling arm is compensated by the supercurrent and the
e8otential difference between superconductors is equal to
zero.
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