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We present an experimental and theoretical investigation of coherent current transport in wide ballistic
superconductor-two dimensional electron gas-superconductor junctions. It is found experimentally that upon
increasing the junction length, the subharmonic gap structure in the current-voltage characteristics is shifted to
lower voltages, and the excess current at voltages much larger than the superconducting gap decreases. Ap-
plying a theory of coherent multiple Andreev reflection, we show that these observations can be explained in
terms of transport through Andreev resonances.
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Ballistic superconducting junctions are of great interest In this paper we report a systematic experimental investi-
for studying fundamental properties of coherent electroni@ation of coherent current transport in ballistic Nb-InAs-Nb
transport. The concept of Josephson effect injunctions with 2DEG-S interfaces of high transparency. For
superconductor-normal metal-superconductor junctions wasvery junction we investigated the three key transport char-
originally formulated for ballistic junctionsHowever, until  acteristics: SGS, excess current, and critical Josephson cur-
recently, experiments could only be performed on metalliaent. All investigated junctions show a dc Josephson effect.
diffusive junctions, which has limited the range of phenom-Our main experimental observation is that the SGS is shifted
ena observed. Experimental realization of the ballistic re<down in voltage upon increasing the distance between the
gime became possible when a high-mobility two- superconducting electrodes, i.e., the junction length. More-
dimensional electron gaDEG) was employed to connect over, the excess current is found to decrease with increasing
superconductingS) electrodeg. The recent experimental junction length.
interest has been focused on junctions with InAs 2DEGs These observations can be explained within a coherent,
which form highly transparent 2DEG-S interfaces with largemultimode MAR-theory. The shift of the SGS results from
probability of Andreev reflection. Moreover, electrostatic transport through Andreev resonanéé&éthe Andreev reso-
gating* has made it possible to control junction parametersnances, closely related to the Andreev levels carrying the dc

The dc Josephson effect in ballistic S-2DEG-S junctionsJosephson current, are shifted to lower energies upon in-
has been extensively studied both experimentdllyand  creasing the junction length, consequently shifting the SGS
theoretically’ Less investigated are the transport propertiesiown in voltage. Similarly, the excess current decreases with
of the junctions in the presence of a voltage bias between thiacreasing junction length for the experimentally relevant
superconductors, the regime of multiple Andreev refleétion junction lengthsL < &,.

(MAR). In particular, a conclusive experimental picture of A schematic picture of the junction is shown in Fig. 1.
the subharmonic gap structu¢8GS in the current-voltage Two niobium electrodes are deposited directly on the 2DEG
characteristics is lacking. Moreover, the main tool for ana-which forms spontaneously at the surface of single crystal
lyzing the experimentally observed current-voltage characinAs!4 In the following step, the junction is covered
teristics has been the theory of Octawad al® (OTBK). by a SiQ layer that provides insulation to the Al gate
However, this is not appropriate for junctions which show aelectrode grown on top. On three different chips A, B, C,
dc Josephson effect, i.e., which are in the coherent transpaitnctions of five different interelectrode distanceds
regime, since the OTBK theory is restricted to incoheren=105A), 115B), 145B), 160A), and 20QC) nm have
MAR transport. been fabricated. All junctions have a widtii=50 um. The

The theory for coherent MAR transport in junctions much sheet carrier density,, the effective mass” and the mobil-
shorter than the superconducting coherence |éRgts with ity w are controlled with the top gate to give the largest
great accuracy explained experiments with atomic poin2DEG-conductance. Typical parameters for the unprocessed
contactsi! both the details of the SGS aV=2A/n and the  InAs arens=2x 10'® m 2 andm’=0.033n,, wherem is the
magnitude of the excess current at voltages much larger thdree electron mass. This gives a Fermi wave length
the superconducting gap. This theory however cannot be diF18 nm andv=1.2x 10° ms't. The mobility was not mea-
rectly applied to the experimentally studied junctidns, sured on the actual samples, but is typically of order
generally of lengthd. of the order of the superconducting =10000 cri(V s)™%. The measured critical temperature of
coherence lengtl. Nb T.=9.0 K corresponds to a superconducting gAp
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FIG. 1. (Left) Average normal transparendy=Ry/Rg, as a 5 06 e
function of ng for samples of lengthd =105 nm and 160 nm. E d
(Right) 1Ry product as a function of for the same samples. The . R R P
thin lines are the theory, withRy(T=0) scaled for best fit by 1.65 = N ¢ o o
(L=105 nn and 2.4(L=160 nm and hvg/Ex=0.54, (see text 3 - PN DA
Inset: A schematic cut through the juncti [ i ink i 02 : ' O
: gh the junction, displaying the kink in 0 1.0 eviA 20 02 LE, 03
. 0o O

the 2DEG.

B . FIG. 2. (Left) Measured differential resistance¥/dl (uppe)
=1.4 meV close to the bulk value. The superconducting cozngnumerically differentiatefd?l /d\2 (lower) as a function ol

herence length is thu&=7%v/A=600 nm. for T=1.8 K. The junction lengths are from bottom to top,

The normal resistancBy was measured at a voltag®/ =105, 115, 145, 160, and 200 nm. The traces have been succes-
>A. The ratio between the Sharvin resistanBg,=h/ sively shifted for clarity(Right) Positions of the minim&,,;, of the
(2€?)[\g/2W] and the normal resistance, i.e., the averagef|/d\2 (lower left) for the SGSn=1 (<), n=2 (@), n=3 ($),
transmission probability per conduction modeDis-0.7 for ~ n=4[(>), only two minima clearly visiblg andn=5 (O). Dashed
ne>2x 10 m™2 (see Fig. 1 The interfaces between the lines are given by Eq(1), with an additional lengthivg/Ex
2DEG and the metal electrodes are thus highly transparerv0.6&.

Attributing the small difference in resistance between the

105 and 160 nm junction to impurity scattering gives a meaqe;;gaelmelasnc scatterinty, are taken into account in the

free pathl ~300 nm. This demonstrates that the transport is ™\ - perform our theoretical analysis within the scattering

in the ballistic regime(L <I). All junctions show a dc Jo- X :

sephson current gwitteE(R pZoduc![s 06. 055 052 045 at approach to the Bogoliubov-de Gennes equatfofihis al-

18K monotoniéall deNcreasin wi.tﬂll f} m I_.—1,05. A lows us to express the dc Josephson cutfexg well as the
: y 9 0 - O currentin voltage biased junctiorisn terms of the transmis-

200 nm. The temperature dependence of the dc Josephs ; : _
current is shown in Fig. 1 for two junctions=105 and bn and reflection amplitudés(E) andr(E) of each trans

160 nm port modem and the mode independent Andreev reflection
In Fié. 2 the experimentally measured differential resis-pmbab'“tya(E) atthe 2DEG-S interface. The scattering am-

tance for the different junctions is depicted. For all junctions,pl't'Jdes are given byrm:wR(1+q2m)/(1_+Rq§1) and ty
the resistance shows SGS at voltag¥'s< 2A. As an overall =Qm(1*‘F\;)/(1+RCfn), 1/2Where am=extliknl];  kn(E)
tendency, the SGS is shifted to lower voltages when increas=[2M /#°(Ee—Eq+E)]"%, whereEg is the Fermi energy and
ing junction length. For junctions on the same chip this holdsEm iS the transverse mode energy. The reflection probability
strictly. All SGS-features are symmetric arount=0 and ~ Of each interfaceR, taken to be mode independent, is given
scale roughly with temperature like the gApT), up to T. from the avergged total transmission probabiltyas R=(1
A decrease in the excess current as a function of length ~D)/(1+D), giving R=0.16 forD=0.72(D for the 105 nm
is also observed in the experiment. TlhgRy, product for the  junction atng=2x 10" m?).
different junctions is shown in Fig. 4 below, displaying an  The Andreev reflection amplitude at the 2DEG-S interface
overall decrease with increasihg This holds strictly, just as IS given by a(E)=exd~i arcco$E/A)]. It is however not
the shift of the SGS, for junctions on the same chip. ThePossible toa priori conclude that quasiparticles are Andreev
systematic shift of the SGS and the decrease of the excesgflected directly at the 2DEG-S interface near the kink, they
current with junction length are the main experimental ob-might spend a certain time#i/E, underneath the
servations in this work. superconductd® This can be incorporated into the model in
Based on these findings, we model the junction as a bakhe simplest possible way by multiplying(E) with a phase
listic, two-dimensional normal conductor of lengthand  factor exgiE/E,), whereE, has to be determined by com-
width W connected to two bulk superconducting electrodesparison to the experimental dafa.
via highly transparent interfaces. The normal reflection in the The total dc-current can be written as a sum of the cur-
junction is assumed to be concentrated to the kink in theents for the individual mode¥,i.e., ==, I, In the general
2DEG formed during the junction processing, see Fig. 1. Forase, it is not possible to analytically calculate the current for
simplicity, the normal reflection is taken to be specular, re-arbitrary voltage, but one has to resort to numerics. It is
ducing the problem to summing over independent modesmportant to note that most transport moaesave effective
The width of the junctiolV> \g, giving a number of trans- lengthsL//1-(m/N)? close to the physical length. Thus,
port modesN=2W/A-=5600. No sources of decoherence, the sharp features in the SGS predicted in single mode junc-
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FIG. 3. (Left) Plot of the numerically calculatedl/dV as func- %
tion of eV/A andL/& for R=0.16 andkT<<A; light areas corre- >,
spond to peaks, dark to dipgvr/Ea=0). (Right) A contour plot of Mg » hvp/E
the third derivatived13/dV2 around zero, giving the extremal points - - 0708,
of dI2/dV2 in the intersections of the dark and white areas. The — 0545,
minima in Eq.(1) are indicated by dashed lines. 2.1

tions of finite length® are not washed out but are merely  FiG. 4. (Top) Excess current &=1.8 K for the five experimen-
broadened by the summation over the modes. tally investigated junctions(Bottom) Numerically calculated ex-

The qualitative behavior of the SGS as a function of junc-cess current as a function of lengthfor R=0.16 andkgT <A.
tion length is clear from the numerics in Fig. 3. One sees

how the SGS are shifted down to lower voltages when in'ﬁvF/EA:O.SAEO for both junctions on chip A, 0 for both

creasing the junction length The nature of this effect is the . ; : :
- 3 junctions on chip B and 0& for chip C. We note that the
shift of broadened MAR resonancs: The MAR reso- fitting shown in the right panel, Fig. 2, is reasonably good for

nances are closely related to the Andreev levels carrying thg, o ctures including the structune=1, for which the
de Josephsqn current: The A’?dree" I('evels. are shifted towgr Sund effective length& ¢ are outside the range of validity
lower energies upon increasing the junction length, leading, Eq. (1). The fact that the junctions on the same chip give

to a corresponding shift in the SGS. Additional numericsthe sameE. suadests thaE. is sensitive to the sample
shows that the general tendency of a shift of the SGS tobreparationA 99 A P

wards lower voltages is independent of the reflection prob- Th - o

. . . us the dip and peak positions of the SGS are well re-
ability R, while the details of t'he SGS depend 8n For roduced by the theory. However, the theoretically calculated
perfectly transparent 2DEG-S mterfgces,_ however,sthe SG mplitudes(not shown of the SGS-features are much larger
are abse_nt f_ok'||'<A (Tlef' 9 forfany Jgncngn Ieln%tﬁ' ___than the ones observed in the experiment. One reason might
__Quantitatively, we have performed a detailed numerical,g yoqjqya) inelastic scattering or dephasing, not taken into
investigation of the SG®=1-5) in the experimentally rel- 506 nt in the model. Another reason might be that the
evant limit of small normal reflectivityR<0.16 and small 1,001y assumes a voltage bias, while the measurements are
effective junction lengthlLe<&. The effective lengttler  carried out with current bias, giving rise to voltage fluctua-
=L+%Ave/Ea is the sum of the geometric length of the junc- ions which smear the SGS.
tion L and the distancévr/Ea the quasiparticles propagate e experimentally measured excess currégt=|
under the superconductors before they are Andreev reflectegj;v/RN at voltagesvsAle is presented in the top panel in

The analysis of the numerical results shows that clos¢ to Fig. 4. As seen from numerics in the bottom panel of Fig. 4
=2A/enthe second derivati?é d’l/dV? has minima which ¢ lhoth E,=1.40 and 1.8, the excess current decreases

depend on junction length as monotonically with junction lengti. for all lengthsL <&,
2A Legt in qualitative agreement with the experiment. However, this
Vinin = on 1—0-45— , n=12,... (1) decay is slower than the measured one. Moreover, the theo-
0

retical excess current exceeds the experimental one. This dis-
for Ley up to ~0.7&, for all n>1 (for n=1 it holds in a crepancy can be attributed to residual inelastic scattering,
smaller interval Lo4<0.4&). This length dependence is in similar to the suppression of the amplitude of the SGS men-
strong contrast to the result of the theory of incoherentioned above. The excess current is carried by quasiparticles
MAR,® which predicts dips in the second derivative at volt-which traverse the junction one and two times. The single-
agesVpn=2A/en independentf junction length?? particle processes give a negative contribution to the excess

Comparing theory and experiment, we see that the cohecurrent while the two-particle processes yield a positive con-
ent MAR theory(Fig. 3) is able to explain the overall shiftin tribution. Since quasiparticles carrying the two-particle cur-
the experimentally observed SGS towards lower voltage forent spend longer time in the junction, inelastic scattering
increasing junction length (see Fig. 2 However, to fit the leads to a stronger suppression of the two-particle current
measured positions of the dips in the second derivative wittompared to the one-particle current. This results in an ex-
Eqg. (1), one needs to include an additional lendty/Ea. cess current with a stronger length-dependent decay than pre-
The best fit, including the SGS to fifth order, is obtained fordicted by the coherent theory.
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We also compare the experimentally measured dc Joseph- In conclusion, we have studied, experimentally and
son currents with the result of the model. The expression fotheoretically, coherent current transport in wide ballistic
Josephson current in terms of the normal scattering amplis-2DEG-S junctions. It is found experimentally that both
tudes and the Andreev reflection amplitudes is given in Refine SGS and the excess current show a systematic depen-
17. Using the value oE, deduced from the SGS fitting, we dence on length of the junction. We show that these

see in Fig. 1 that the temperature dependence of the expetip o\ ations can be qualitatively explained within a coherent
mentally measured critical current is well reproduced by th : - .
heory of MAR. Our investigation also points towards

theory. However, the theoretical overall magnitude is 1.6 " . .
times (for L=105 nm) resp. 2.4 timegfor L=160 nm) larger additional mechanisms, e.g., decoherence, to be included

than the experimental value. This discrepancy indicates, if? the theory to obtain a quantitative agreement with
line with the discussion for the SGS-amplitude and the ex£xperiments.

cess current above, the presence of some decoherence

mechanism. Note that the discrepancy is much smaller than 1N€ Work was supported by MANER.S), STINT(A.L),
previously reported*Sbecause the longer effective junction theé Humboldt Foundation, the BMBF and the ZIP-
length reduces the theoretical critical current to a value mor@rogramme of the German governme@.J), the Swedish
similar to the experimental one. The significant part is thagrant agencies TFRP.S), SSF(V.S.S), VR (G.W.,, V.S.5),
this effective length has been determined from a best fittingtnd KVA (E.V.B.), and by the DFG via SFB 50& K., A.R.,

to the SGS. T.M., and U.M).
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