RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 57, NUMBER 10 1 MARCH 1998-II

Nonlocal supercurrent in mesoscopic Josephson junctions
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We demonstrate that in a mesoscopic, fully phase coherent, superconductor—two-dimensional-electron-gas—
superconductor structure the period of the critical current versus flux through the jundtita i€., twice the
superconducting flux quantum. Using a heuristic approach we argue that the observations point to a nonlocal
supercurrent density. The particles carrying the supercurrent sense the superconductor phase, which is spatially
modulated by the magnetic field, along the entire electrffi@163-18208)50510-3

A local description is not sufficient to describe the elec-ductors has a crucial influence on the properties of these
tronic properties of mesoscopic samples. Instead it is essebvound states such as the enefgffy), and the amount of
tial to take quantum mechanical interference extending ovesupercurrentg(y) carried.
the phase coherent area into account. A prime example is Most likely the answer to the question raised above is
that Ohm’s law, the local relation between current dendity affirmative since the particles carrying the supercurrent in a
and electric fieldg, has to be replaced byremnlocalone: mesoscopic Josephson junction probe the superconductor
phase at different positions, unlike tunneling Josephson junc-
tions where the supercurrent density flows directly to the
J(r):f dr’g-(r,r’)-E(r’), (D) opposite electrode. Because a magnetic field modulates the
superconductor phase, this nonlocality will have its repercus-
wherea(r,r ') is a conductivity tensot s there in analogy a sions on the supercurrent in a magnetic field.
nonlocal dependence of the supercurrent density on the In a magnetic field, characterized by a vector poterial
phase difference between the electrodes in a mesoscopic Jixe gauge-invariant phase differengebetween points¢,
sephson junction? That is to say, is the supercurrent densigndx, (see Fig. 1is
at positionx, on electrode 1 built up from contributions of

the entire opposite electrode(@ee Fig. 1 given by (oL

y=[da(xz) — ¢1(X1)]—— Adr, ()

(x1,0)
Js(xl):f dXaf ((X1,X2)), 2
where® = h/2e is the superconducting flux quantum. For a
wheref is a function of the superconductor phase differencdocal supercurrent density flowing fromy on electrode 1 to
¢(x1,X,) betweenx; andx,, contrasting thdocal relation  a specificx, on electrode Zfor tunnel junctions one takes
Js(X1) = f(¢(x4)) for tunneling Josephson junctions? X1=X5) the net result for the experimentally accessible quan-
In this paper we address this issue which is at the heart afty, the critical current at a given fielBz, is
“mesoscopic supercurrents” with a particularly suitable
class of junctions. These are fully phase coherent planar i
superconductor—two-dimensional-electron-gas—supercond- | .=max fWJ (y(x))dx|=
uctor junctions and have a comparable witlthand length s
L, 1,>L,W (I, is the phase coherence lengtiSo far,
expenmentahs?shave focused on the supercurrent magni- 7=
tude, temperature dependence, supercurrent fluctuations, and o, /
possible supercurrent quantization in mesoscopic Josephson
. . . .. . X
junctions. These properties were explicitly treated in a num- 1 w
ber of theoretical papefs.The concept of Andreev XT_) ,
reflection? which mediates the conversion of current in a y
normal metal to a Cooper pair current in a connected super- —
conductor has been the starting point in all these theories as
the microscopic origin of the supercurrent. It is generally FIG. 1. Josephson junction showing lengths and directions used
accepted that coherent Andreev reflections and interferencg the text. Electrode 1 and 2 have macroscopic phageand ¢-,
of electrons and holes lead to bound states which carry gespectively. Supercurrent can flow fromat electrode 1 to any,
supercurrent. The phase differengdetween the supercon- at electrode 2, and possibly via the sidewétlashed ling

sin(w®/ )
7TCD/CI)0

)
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L TABLE |. Parameters of the junctions.
—>

Nb length Ic Rn (I)period
Sample fm) (nA) Q) (mT)
A 0.32 131 327 4.2
B 0.47 236 324 3.7
C 0.63 53 381 35
D 0.78 98 431 3.2

states formed by multiple Andreev reflections, this effect
promotes the nonlocality of the supercurrent density in the
devices studied.

Four junctions were prepared on the same chip of InAs in

| L the same production batch. Their mesa-etch width\s
ayer 5 =0.7 um. The Nb-2DEG contact is made in the dark region

ﬂ B in Fig. 2 (indicated as bare InAs under NbThe interelec-
S R L,i,s trode distance. is the length of the channel between these
- ' regions in the upper and lower part of the scanning electron

FIG. 2. Top: schematic cross section of a S-2DEG-S junctionmicroscopy picture, it ranges from 0.32 to 0.Z8n. The
Bottom: Scanning electron microscopy photo of the junction. channels are covered with an AISb top layer to ensure a high
mobility, ballistic channel.

The details of the characterization will be discussed
elsewheré!® here we present the main results. The samples
have an electron densitg;=2.1x10'® m~2 as obtained
from Shubnikov—de Haas measurements of the actual
asample, and an electron mean free path of at leagtm.
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whered =BWL,® the flux penetrating the junction area. This
so-called Fraunhofer diffraction pattern with peridg was

first observed by Rowefl.It arises because the local super-
current density flowing in different parts of the sample has

position-dependent magnitude and sign, leadingp@tia) 1,5 the samples have a ballistic channel, as supported by
cancellation in the net supercurrent of the entire sample.  {he |ow magnetic field behavior of their resistance which is
For the mesoscopic junctions under study whéfe'L,  dominated by magnetic depopulation of the subbdfidhe
particles can sense the entire junction and the supercurrefeasured resistancésee Table )l are higher than the Shar-
density atx, is built up from contributions over the entire vin resistanceRs,= (h/2e?) w/keW=160 Q. This is due to
sample. We thus expect a different magnetic field depenscattering at the interfaces, and possibly some remnant scat-
dence of the supercurrent. tering in the channel itself. As mentioned, both the width and
A schematic figure and a scanning electron micrograph ofhe length of the samples are smaller than the phase coher-
the sample are reproduced in Fig. 2. As coupling materiaénce lengtH , which is bounded by the inelastic scattering
between the Nb electrodes a two-dimensional electron gasngthl;,~10 wm.1? At the low temperatures used it is also
(2DEG) in a 15-nm-thick InAs quantum we{QW) between smaller than the thermal coherence lengthfive/2wkgT
AISD barriers is used. To produce the sample first the mesa~15 um (at 0.1 K. Moreover, the junction dimensions are
etch pattern is written in PMMA using electron beam lithog- comparable to the superconducting coherence lerggth
raphy (EBL). This pattern is transferred to the heterostruc-=%vg/2A~0.5 um (with A=1.1 meV}, so that they are in
ture by wet etching of the AISb top layer and the InAs between the longl(>¢£,) and short [ <&o) limit.
quantum well® Secondly, the electrode pattern is defined in  Summarizing, the sample is a ballistic channel bounded
PMMA with EBL and the AISb top layer is removed by by high transparancy supercondqctm_g electrodes on top of a
chemical etching to expose the InAs QW. Finally the Samp|ed|sordered InAs region where diffusive Andreev reflection
is loaded in a UHV chamber where the InAs QW surface istakes place, and electrons can travel phase coherently be-

cleaned with a 500 eV Ar-ion bombardment prior to deposi—tSVZEZ?Cltj?reenetIeCtrOdeS' Therefore the junctions can carry a

tion of 70-nm-thick Nb electrodes. -
: o : The current voltage characteristics of all four samples
The ion bombardment modifies the region under the Nb 2 X . . ;
show a supercurrent; its optimal magnitude is tabulated in

. ) . 3fable | along with other parameters of the junction. Its mag-
free path to approximately 10 nm and induces a high eIeCtroHitude is an order of magnitude smaller than expected for

density. However, th|s_ treatrgent s necessary to create g, giffusive and ballistic junctions close to the short limit
transparent Nb-2DEG interfacein important consequence aying high transparancy interfacés#Also the critical cur-

of the Ar-ion bombardment is that the Andreev reflectionyent does not scale with the electrode separation. These as-
taking place at the 2DEG-superconductor interface is of difpects, along with the current-voltage characteristics, will be
fusive nature. Whereas for Andreev reflection from a specuggyered elsewhere. Here we focus on the influence of the
lar interface, the hole is retroreflected and has the same wavRagnetic field on the zero voltage supercurrent at the lowest
vector as the incoming electron from which it originates, thetemperature. In Fig. 3 the supercurrent versus magnetic field
reflected hole from a diffusive interface has partial waves inis shown up to fields where the supercurrent can be obtained
all directions’ Since the supercurrent is carried by bounddirectly from a well defined switching current in the current
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FIG. 4. Inverse of measured peridd versus junction length

FIG. 3. Critical currents of junctions A,B,C, and D versus mag- L.

netic field atT=0.1 K.
electrode of the junction, slightly more than expected from

voltage characteristic. All four junctions show a clear maxi-the SEM figure if half of the width of the Nb electrodes
mum in the supercurrent and its oscillatory decay. Howevewould determind._, .
the functional dependence is not the Fraunhofer pattern ex- Thus neither the functional dependence nor the periodic-
pected from standard theory. ity of Eq. (4) is reproduced. A local supercurrent density that

The periodicity of the supercurrent in magnetic field asis position dependertso that it is not just a function of phase
seen in Fig. 3 is confirmed by measurements of the differendifference, but also of positigncan cause a functional de-
tial resistance versus magnetic field. The supercurrent modpendence of the supercurrent in a magnetic field deviating
fies the differential resistance and this provides a sensitivifom Eq.(4). This goes along with a modified period that can
technique to identify the presence of small supercurrénts. be larger tharb,. For the mesoscopic samples discussed the
In this way more periods are traced from which the periodfunctional dependence is not shared by all samples, yet the
icities, reported in Table I, are acquired with higher accu-period in flux is. With any local supercurrent density it is
racy. These are to be converted to the amount of flux actuallhighly coincidental that different functional dependencies go
penetrating the junction area. along with identical periods. Thus, in all likelihood, the data

In addition to the flux penetrating the regitvx L,> due  reflect an inherent phenomenon due to the mesoscopic nature
to the screening currents in the electrode, there is a considf these samples.
erable amount of flux expelled from the Nb electrodes which We now proceed to present a heuristic approach using a
are pushed through this ar¥aThis “flux crowding” effect  quasiclassical description which reproduces the observed pe-
has hindered definite statements on the amount of flux pemiodicity, and might help to achieve some more insight to the
etrating the junction area in previous experiments. Here wejuestion at stake. For a sinusoidal current phase relation, and
isolate this contribution by choosing samples of differentan equal contribution td(x,) of all pathsx;—X,, as sug-
length. It is taken into account by adding an extra ledgth  gested by the length independence of the supercurrent, Eqg.
to the junction lengthL. In the junction geometry under (2) becomes
study this is allowed because the Nb electrodes are consid- w
erably wider than the InAs channel region. The fthixpen- _ :
etrating the junction will be: ) ® JS(Xl)_J JsoSI y(x1,%2) ]z ™

The phase difference(xq,X,) is easily obtained with the

vector potential gaug@ =Bxy. Because the channel region

in our devices is ballistic, the coupling between the elec-
trodes is along a straight path. Therefore the integral term in
Eq. (3) is the average value of the vector potential along this

O=(L+Ly)WB, 5

so that for the periodicitAB:

1 1
o path, and
AB ACI)W(L+LM)' (6)
a O
Thus the slope of a plot of the inverse magnetic field period Y(X1.Xp) = w 30(x1+x2)+ Yo- ®

versus the junction length yields the true period in fi\gp o )

2

trodes. The contribution of the expelled flux, i.&,,, is .
acquired from the B axis intercept. Figure 4 shows such | = WJ o =] sin(z 7@/ D) 9
a plot; the result is thah ® =4.2x 10" ** Wb. This value is c=max | (Xp)dxy | =leo L /d, ©)

~2d,, thus the critical current vs magnetic field pattern
period isdoubledcompared to Eq4). The extra length due This yields the correct experimental periodicity abg with
to the screening currentsy, is 1.1 um, 0.55um at each a minimum in the supercurrent each timeearennumber of
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flux quanta penetrates the junction até@he functional de- it is highly plausible that the mesoscopic nature of the
pendence of Eq(9) resembles the experimental results of samples is the origin of the observed periodicity. Clearly this
junction D wherew/L=0.9. It differs from the observations calls for a more rigid, quantum mechanical treatment of the
for wider junctions like A and BW/L= 2.2 and 1.5, respec- problem incorporating the diffusive nature of Andreev re-
tively) where the presumption that all paths contributeflection at the interfaces. Such a treatment, hinted at by the
equally may not be fully satisfied. We have found that thepresented data, would be a great opportunity to enhance our
introduction of a length dependence and angular distributiormnderstanding of supercurrents in mesoscopic systems.

for the paths contributing to the supercurrent density to the Concluding, we have demonstrated that in a new class of

model does not suffice to describe the experimental outcomgggephson junctions which are fully phase coherent and have
As indicated in Fig. 1, it is conceivable that supercurrente,mparapie width and length, the period of the critical cur-
flqw§ wa(specula)_reflectlon a'_[ th_e _S|dewall_s. If we include rent versus flux penetrating the junctionidh/e, i.e., twice
tsri]:jsellgbtgs ggcmsg'gp’tw: fgzifrilgltcyoLi?;?éﬂ?v%’itﬁntﬂ;h:bsethe superconducting flux quantum. It is plausible that this is

) o . . : X OS€Eaused by a nonlocal supercurrent density in these junctions.
vations. However, the inclusion of trajectories via the side-
walls yields supercurrent maxima at even flux quanta We thankS. G. den Hartog and A. F. Morpurgo for stimu-
whereas we observe minima there. Also the sharpness of tHating discussions, and B. H. J. Wolfs for technical assis-
data, prominent for example in Fig. 3, is surprising in viewtance. This work was financially supported by the Stichting
of the smoothness of the predictions of E®). voor Fundamenteel Onderzoek der Mat¢R©M). B. J. van
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