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Charge transport in superconductor/semiconductor/normal-conductor step junctions
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We present experimental data on the transport properties of a two-dimensional electron gas in contact with
a superconducting and a normal conducting electrode. A short dista&@ nm) between the electrodes is
realized by means of a step geometry. At voltages below the gap voltage of the superconductor, a decrease in
resistivity of about 10% is observed. At low temperature and for voltages corresponding to a value smaller than
the Thouless energy, an enhancement of the resistance is observed. The resistance at low energy coincides
approximately with the resistance value above the gap voltage and depends sensitively on the bias current,
temperature, and magnetic field. The experimental results are compared to theories of the reentrance effect. For
small energies, good agreement is four80163-18207)03245-]

[. INTRODUCTION at zero temperature. Nazarov and Stoattribute the reen-
trance behavior of the resistivity to an energy dependence of

Mesoscopic structures in which normal metal wires, semithe diffusivity in N'. In Ref. 5, it is proposed that the reen-
conductors, or a two-dimensional electron aPEG) are  trance effect is due to a soft pseudogap in the density of
attached to superconductors have received much attention #iates in the Nmetal. Despite the different models, all men-
the past few yeartsee, e.g., Ref.)1In this article, experi- tioned theories®™ describe different aspects of the same
mental results on the transport properties of a 2DEQ@he  phenomenon, whose existence arises from the phase-
dirty limit) are presented. On the one side, the 2DEG igoherent nature of Andreev scattering. All these various ap-
brought in direct contact with a superconducting reservoirproaches predict a decrease of the system’s resistance of
On the other side, the 2DEG is connected to a normal conabout 10% for voltages below the gap voltagée of the
ducting reservoir by means of a highly transparent contactsuperconductor, where s the elementary charge. If all en-
Such a junction is just a particular example of a nonequilibergies involved are smaller than the Thouless energy
rium superconductor: First, superconducting correlation pens,=#%D/L?, the resistance will increase again with decreas-
etrates into the 2DEG and the Cooper pair amplitude is noning energy(with decreasindr or V) (# is Planck’s constant
zero there. Second, an applied voltage results in a penetratiativided by 2, and the characteristic energy scalgis in-
of the electric field into the 2DEG and the quasiparticle dis-versely proportional to the time it takes for an electron to
tribution function is driven out of equilibrium. diffuse across the length with diffusion coefficientD). At

Figure 1 shows a sketch of a supercondu¢®mormal- T=0 andV=0 the resistance coincides exactly with the re-
conductor(N) junction considered here. A 2DE@®r meso-  sistance without the influence of the superconductor. All
scopic metal N) is connected by means of highly transparentmentioned theori€s® assume that charge transport ifi i
boundariesd a S and a N electrode. A short distance be-in the diffusive limit, which implies that needs to be much
tween the S and N electrodes is necessary, since phase darger than the elastic mean free paghof the charge carri-
herence of the charge carriers has to be maintained. In thirs. If the conditionL/l>1 is not fulfilled, the contact re-
article, a short distance of approximately 500 nm between sistanceR. between S and Nmust be taken into accourR,
the electrodes is realized by a step geometry. is predicted to be voltage and magnetic field depen@iént.

Normal-superconductor junctions have already been in- To obtain an understanding of the physics behind the re-
vestigated theoretically in the 1970s by Artemenko, Volkov,entrance behavior of the system’s resistance, we give a short
and Zaitse?. They predicted that at zero energgmperature
T=0 and bias voltag®=0) the total resistance of the S-N
junction coincides exactly with a junction using two normal L
conducting electrode@N-N junction). With increasingT, the
resistance of the S-N junction is first decreasing, and then
increasing again. For higff, it reaches its normal state
value. This phenomenon is called the thermal proximity ef- S 2DEG (N)) N wW
fect or reentrance effect.

A further understanding of this effect has been achieved
very recently by several authots® The physics behind this
reentrance effect involves nonequilibrium effects between g, 1. Sketch of the junction considered here. A 2DE
quasiparticles injected by the N reservoir and electron pairfesoscopic normal metal’Nis connected by means of highly
leaking from S. Volkovet al3 propose that particle-hole transparent boundaries to a superconductB)gand a normal con-
symmetry breaking due to the use of a small but finite biagiucting(N) electrode. The distance between the electrodes asd
voltage provides a mechanism for the reentrance effect, evaw is the width of the junction.
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summary of the theory presented in Ref. 5. The proximity In this article, a 2DEG is employed as the mesoscopic
induced superconducting correlation between electrons in enaterial N between the S and N electrodes. Charge trans-
diffusive normal metal Nsurvives up to a distance of order port in the 2DEG is considered to be in the “clean limit,” if
gNoc\/ﬁ (normal coherence lengthwhereD is the diffu-  the elastic mean free path is larger thanéy, whereas it is
sion coefficient in N and T the temperature. Whef is  in the dirty limit for [<&y. If I is larger than the sample
reduced, the proximity induced superconductivity expands inengthL, charge transport in the junction is ballistic, whereas
the normal metal N and the resistance of the system isitis diffusive forl,<L. Here, charge transfer in the 2DEG is
decreased. At sufficiently low, the lengthéy becomes of diffusive, as revealed from transport measurements discussed
the order of the sizé of the normal layer N Now, the in Sec. Il.

system’s behavior becomes sensitive to the influence of the Experiments where a 2DEG is coupled to closely spaced
N electrode. If the boundary between the N electrode and th& and N electrodes have been reported very recently by den
N’ area is highly transparent, the reentrance effect appears. itartoget al'® There, a reentrance behavior in the tempera-
can be shown that the spatially averaged density of states inture dependence of magnetoresistance oscillations is ob-
the N' area shows a soft pseudogap which is of the order o$erved. In contrast to this experiment, we have used a differ-
gq. This means that the density of states i & small ent sample configuration and a different material. Here, the
energies <g4 is smaller than its normal state val(eithout reentrance behavior in a 2DEG is measured directly in the
the influence of § but always remains nonzero. It increasesdifferential resistance as a function of temperature, bias cur-
with increasings and reaches its normal state value forrent, and magnetic field.

e=g4 (see Fig. 7 in Ref. b Therefore, with increasing

(e<egy), the system’s resistance is decreasing. Since in the Il. SAMPLES

presence of proximity-induced superconductivity correlated o . . ,

and uncorrelated electrons contribute to the current, the sys- HYbrid junctions which combine superconductors and a
tem’s resistance in the case of fully transparent interfaces iSDEG can be fabricated from Nb and InAsee, e.g., Refs.

never larger than its normal state valé-N junction). For 14-16. Pinning of the Fermi level inside the conduction
£=0 (T=0 andV=0) it coincides exactly with its normal band at the surface of InAs allows free transport of electrons

state value. across the S/2DEG interface, thus avoiding a Schottky bar-

All calculations presented in Refs. 3—5 consider the “nar-Ti€r- The surface op-type InAs is characterized by a high-
row” junction limit, where the widthw of the normal con-  Mobility inversion layer, which represents a 2DEsze, e.g.,
ductor N (see Fig. 1is smaller thar¢y. For the thin film  Ref- 17. The 2DEG channel has a depth of approximately
geometry W L), which describes the system presented int0 NM- Step junctiongwith two Nb electrodesusing the
this article more closely, no complete theory exists yet. How-Surface inversion layer gi-InAs as a two-dimensional chan-
ever, if the current distribution in the junction is homoge- "€l betw%en the electrodes have been proposed by
neous, we expect no qualitative difference between twolKastalsky- . _ _
dimensional and quasi-one-dimensional theory. The FOr the step junctions discussed here, a 300-nm-thick
geometry of the junctions, which will be discussed here, idOW- p-dopGed 0") epitaxial layer(acceptor concentration
close to “overlap” geometry for Josephson tunnel junctions.”p”5><101 /sz) is grown on a highlys-doped p7) sub-

For overlap junctions it is shown that the current is distrib-Strate = 10%cm®) using molecular beam  epitaxy
uted almost uniformly(see, e.g., Ref.)8 (MBE). At T=4.2 K the hole density in thepf _Iayer is

The low-temperature reentrant behavior of the resistanckeduced due to freeze-out, so that the conductivity is entirely
has been measured very recently by Chaelaal® and controlled by_the surface 2DEG. Th_e par_ameters c_Jf the
Petrashowet al ! They used disordered normal metal struc-2DEG inversion layer have been investigated using a
tures containing superconducting islands or boundarie<corbino geometry; where ring-shaped Au electrodes on top
Charlat et al. demonstrated that a normal conducting Cu©f INAs are used to apply the current and to measure the
wire, which is connected to a superconducting and a normajoltage. The existence of the surface 2DEG has been con-
conducting reservoir, shows a reentrance effect for energiddmed by Shubnikov—-de Haas measurementsTatl K,
smaller thare,. The authors have shown that this phenom—y'em'ng an electron concentration in the 2DEG of
enon can be observed in the differential resistance as a funf=10'%/cn?. By analyzing the dependence of the differential
tion of temperature and as a function of the bias currentf€sistanceV/dl on an applied magnetic fiell the mobility
respectively. The characteristic voltagg s related tos, by ~ # Of the inversion electrons is estimated to pe=5000
Vg~eqle, and the characteristic temperaturg, by szé})/ s. The sheet resistané®; at T=1.2 KisRy~1.16
Ty~e4/Kg, Wherekg is Boltzmann's constant. The experi- kQ.“ From these values, the elas_tlc mean free_ path is esti-
ments of Petrashoet al** have shown that the amplitude of Mated to belg=ve7~78 nm, with the Fermi velocity
h/2e oscillations in the magnetoresistance of a mesoscopigr=7Ks/m*~1.2x10°  m/s and scattering time
normal metal ring with two superconducting “mirrors” dras- 7=m"u/e~65 fs. [kg=\27n is the Fermi wave vector.
tically differs in magnitude from that of the ring without The effective mass in InAm* is assumed to bm*~0.023
superconductors. The oscillation amplitude is maximal at ane (see, e.g., Ref. 37wherem, is the free electron mags.
temperature corresponding to the Thouless enesgyk).  The diffusion constant i® = (1/2)vl~470 cnfls. The su-
Closely related to the low-temperature reentrant behavior argerconducting correlation length in the 2DEGdirty
recent results obtained by tunneling spectroscopy exper#imit” ) is given byéy=/(%/27kg)(D/T), yielding &y~ 240
ments with mesoscopic wires in contact with normal andnm atT=1 K. According to literaturésee, e.g., Ref. 31the
superconducting electrodes by Goe et al'? inelastic mean free path, in the surface inversion layer of
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TABLE I. Parameters of samples Nos. 1-\=100 um and
L~500 nm.R, is the normal resistanc&,,;, the minimal resis-
tance, and/zg), the width of the zero-bias maximum in the differ-
ential resistance on th¥ axis, respectively(—,+) denotes the
negative and positive voltage axés=800 mK, andB=0.

Z
No. 1 No. 2 No. 3 No. 4
y R, [Q] (—,+) 114,112 211,207 1.2,1.18 3.5,3.48
X R, /Rpin(—,+) 1.08,1.05 1.06,1.04 1.07,1.05 1.06,1.04
Vzaul V] ~200 ~200 ~220 ~210

FIG. 2. Sketch of a Nb/Au step junction. The upper electrode is
a Nb film, the lower electrode is a Au film. The dark area indicates
the 2DEG at the surface of InAs. The step height is 250 nm, the
width of the sample i&V=100 um.

mobility w) determined from planar geometry are used.
Weak Shubnikov—de Haas oscillations are detected in the
magnetoresistancdV/dl of the Nb/Au step junctions as
well. However, it is difficult to determine and u quantita-
InAs is approximately Jum for T~2 K. tively from these measurements, since for the surface inver-
In order to observe coherent charge transport through thsion layer ofp-InAs only measurements in Corbino geom-
2DEG, the distance between the electrodes has to be smalletry yield reliable data. If we assume that the parameters of
than the phase-breaking lendt). |, gives the length scale, the 2DEG at the step do not deviate significantly from those
on which electrons traveling along different paths can intermeasured in planar geometry, the channel lehgta much
fere. In our samples we estimate it to hg=l;,(~1 um). larger than the elastic mean free pdth (L/l~6) but
Here, a small distance is realized by using a step geonshorter thar ,. Furthermorel is larger thargy for T>300
etry (see Fig. 2 which allows one to fabricate a short chan- mK, and the gap energk of Nb (A~1.45 me\j exceeds
nel lengthL (smaller than 200 nip even without the neces- the Thouless energy, (~130 ueV). This implies that the

sity of using electron beam lithography. Nb and Au are usedtep junctions are in a mesoscopic regime.
as superconducting and normal reservoirs, respectively. The

surface inversion layer gi-type InAs (2DEG) provides the
coupling between the two reservoirs.

For the samples discussed here, the first Nb electrode is The experiments have been performed in(3)jeand
sputtered at a pressure of about 1@nbar. Prior to the depo- He(3)/He(4) dilution cryostats. A magnetic field can be ap-
sition of the Nb film, the sample surface is cleaned by rfplied either in x (perpendicular to the stgpor in the
Ar-sputter cleaningdc bias: 800 V, 10 s After a lift-off z-direction(see Fig. 2. The differential resistana&V/d| has
process, the step in InAdeightA) is etched using the first been measured by the lock-in technique; the sample was bi-
(top) Nb electrode as an etch mask. A wet-chemical etchased with an ac curremtl~1 uA with a frequency of 170
(H505:H3PO,:H,O = 1:1:38) with an etching rate of about Hz in addition to the dc currert The voltage signalVV was
100 nm/min was used. Finally, the second electrgie) is  phase sensitively detected.
deposited bye-beam evaporation at a pressure of about’10
mbar using the first electrode as shadow mask. The thickness A 7ero-bias maximum in the differential resistance

of the top Nb film is about 150 nm, and the thickness of the o ) ]
lower Au film is 60 nm. It is knowf*?3that Ar bombard- We tested four similar samples with widW=100 um

ment can change the electronic properties of InAs. Milleg@NdL~500 nm. The parameters of the sampliies. 1-4
et al? studied the effect of low- energy Ar bombardment on@re listed in Table I. _ _
the surface conductivity op-InAs. They showed that as E|gure 3 shows the voltage dependence of the differential
well as u is increased after Ar cleaning. However, with the resistancelV/dI of a Nb/Au step junctiorisample No. Lat
2DEG of an InAs based quantum well structétey is T=300 mK gndB=O. For voltages much larger than'the
shown to decrease due to Ar cleaning. Thus, the electronigUPerconducting gap of NbY|>A/e ~1.45 mV, the resis-
properties of the 2DEG underneath the top electrode artance has the valuR, andR, for the positive and negative
probably different from those measured on the untreateloltage axes, respectively. The asymmeRy/R,~1.02
layer. Prior to deposition of the second electrode, no argomay be caused by a small parallel contribution of conductiv-
cleaning was used. Thus, the main part of the channeify through the bulkp-InAs.'® For voltages smaller that/e
namely, the 2DEG at the side of the step, is not influenced bthe resistance drops to a value which is about 10% less than
Ar cleaning, since it is etched after deposition of the first NbR,, . At low voltage|Vgy|~200 1V, a sharp increase of the
electrode. resistance is observed. The resistance at zero bias is indicated
Due to the fabrication procesanderetching and shadow by Ry. The vertical arrows in Fig. 3 indicate the energy gap
evaporation of the second electrpdthe effective channel voltage of Nb {/,=A/e~1.45 m\V); the tilted arrows define
lengthL is larger than the etch depth. With an etch depth the (half) width Vg, of the zero-bias-resistance maximum
A=~250 nm, the channel length between the normal and suZBM).
perconducting reservoirs is=500 nm, as estimated from At voltages well aboved/e, the current varies linearly
scanning electron micrographs. For the following considerwith voltage and extrapolates to a positive current valyg
ations, the parameters of the 2DEGrrier densityn and the  atV=0. The occurrence of an excess currdpi £ 10 uA)

IIl. RESULTS AND DISCUSSION
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FIG. 3. Differential resistancdV/dl of a Nb/Au step junction
as a function of the voltag¥ (Sample No. 1 at T=300 mK and

B=0. The vertical arrows indicate the energy gap voltage of Nb

(Va=A/e~1.45 m\), the tilted arrows define théhalf) width
Vzgm (= =200 V) of the zero-bias-resistance maximum.

1.08

dv/di Q)

1.06

FIG. 5. Comparison of the temperature dependence of the zero-
bias resistanc®, with the voltage dependence @¥/dl at T=300
mK (sample No. L The solid circles indicate the measurement

indicates that the boundaries between the superconductimmints of Ry(T); the dashed line is only a guide for the eymper
electrode and the 2DEG are highly transparent and that the axis, righty axis). The solid line is the measurediV/dI(V)

boundary resistance is sm&fl?®
For the step junctions with~500 nm andD ~470 cnt/s,
£4~130ueV is calculated. For all sampléslos. 1-4, Table

(a) 1.15n T T r T . T

dv/di (Q

T=3K

| (MA)

FIG. 4. (a), (b) Differential resistanceV/d| vs bias current of
sample No. 1 for different temperatures aBet 0.

(lower x axis, lefty axis). Thex axes are related vieV=kgT.

1), the width of the ZBM isVgy=~200 wV, which is ap-
proximately 1.&4/e. As will be shown in the next subsec-
tion, the temperature dependence B§(T)=dV/dI(V
=0,T) for smallT is very close to the voltage dependence of
the ZBM. Temperature and voltage can be related by
eV: kBT

All four Nb/Au junctions on the same chip show qualita-
tively the same behavidsee Table)l With W=100um and
A~250 nm, the measure®,, is between 1 and 3.8.%° The
resistance decrease below the gap voltage is always about
10% of R,. The resistance increases for voltages
[V|<|Vzgm|=~200 uV. The dV/dl of all samples has an
asymmetry of about 2%.

B. Temperature dependence of the zero-bias maximum

The heightRy(T)=dV/dI(V=0,T) of the ZBM is de-
creasing with increasing temperatdreFigures 4a) and 4b)
show the differential resistance of sample No. 1 for different
T in dependence of the bias currdnt~or 300 mk<T<1.5
K only the heightRy(T) of the ZBM is decreasing, whereas
no significant increase of the width of the ZBMW £g) can
be detected. This is in accordance with the assumption, that
the width of the ZBM is given by, which depends only
weakly onT in this range. FoiT>3 K the zero-bias resis-
tance maximum is suppressed, and only a broad conductivity
enhancement fofV|<A/e remains. ForT larger than the
critical temperature of NbT.~9 K), dv/dl is almost inde-
pendent olV. TheT dependence has to be compared with the
situation under the influence of a magnetic field. A magnetic
field yields a broadening of the ZBM, whereas the heigft
is constant for small fieldésee Sec. Il D.

In Fig. 5, the experimentally observed temperature depen-
dence of the zero-bias resistanRg is compared with the
voltage dependence ofvddl at T=300 mK. The uppeix
axis showsT; the lowerx axis showsV.
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I 1 fwd ¢ et+eV ) e—eV b !
1.00 = 2R, ), de| 1 S 7|~ <) [Ple)- ()
0.98 Here D(¢) is the effective transparency of the system as
’ introduced in Ref. 5, which in the absence of a barrier at the
2 096 interface is determined by E@L7) of Ref. 5. The normalized
Ez ' conductancer(V,T)=(R,dl/dV) in the two limiting cases
094 of T=0 andV=0 is given by
® D(e
0.92 o(0T)= 5 Tf r%((/z)k -
B! Jo cosli(e
0.90 : . : : : ® )
0 2 4 6 8 10

keTle,

FIG. 6. Calculation of the resistané of a S-N-N system as
a function of T (after Ref.[5]) The resistanc®gy is normalized to
its normal state valuRyy. T is normalized taey/Kg .

o(V,00=D(eV).

An inspection of these expressions shows that due to the
enhancement of the effective transparency of the system
D(e) at energies ~ &4 both quantitiess(0,T) and o(V,0)
have maxima akgT~e4 and eV~e4 and show reentrant
behavior, respectively. However, for comparable values
eV=KkgT the correction to the voltage-dependent conductiv-
ity is larger, i.e.,60(V,0)> 6a(0,T).

The resistance enhancement is suppressed at a tempera-This will be demonstrated now explicitly for the case

ture of 2Ty~2¢4/kg~3 K. On the other hand, at low tem-
peratures T<3 K), a voltage larger than approximately
1.6Vy~1.6e4,/€~200 uV suppresses the enhanced resis

tance. This comparison indicates again thats the relevant

energy for the appearance of the zero-bias maximum. F

small energies\{<300 uV, T<3 K), the T dependence of
the ZBM corresponds very well to thé dependence of\dd
I. For V>300 wV, the V dependence oflVv/dl deviates
from the T dependence oRy. This deviation will be dis-
cussed in the next section.

C. Temperature and voltage dependence of the zero-bias-
resistance maximum: Comparison to theory

eV,kgT>ey, when the high-energy asymptotics
D(e)=C\eq4/e gives the main contribution téo (hereC is
the numerical constant calculated in Ref. I this case, one
'p1mediately obtaingo(V,0)=C\e4/eV, whereasso(0,T)
<Cyegy/kgT. Indeed, an upper estimateSo,,(0,T)
=C\ey/kgT follows assuming cosfe/2kgT)=1. Since
at high energiesg=kgT) the integral in Eq(2) converges
and cosR(e/2kgT)>1, the above inequality follows in a
straightforward way.

The physical reason fa¥o(V,0)> Ja(0,T) is that in the
calculation of60(0,T) the whole Fermi distribution is taken
into account and therefore the high-energy contribution to
D(e) is underestimated, whereas only electrons witheV
contribute toda(V,0).

Figure 6 shows a calculation of the zero-bias resistance This behavior is observed in the experiment. As can be

Rsy (=Rp) of a S-N-N system(see Fig. 1 as a function of

seen from Fig. 5,dV/dI(V) is smaller thanRy(T) for

T. The calculation has been performed using the procedur@>200 uV and T>2 K, respectively.

described in Ref. 5. For this curve, it is assumed that no

barrier between Nhere A) and N (here 2DEG exists.

N’ is in the diffusive limit L>1,) and that the supercon-
ducting energy gap is considerably larger than the Thoules
energy A>¢4). As can be seen from Fig. 6, the resistanc
enhancement due to the reentrance effect appears appro(yji

mately at 24. The experimentall dependenceFig. 5
shows good qualitative agreement with the the@¥ig. 6)
for T<6 K. However, the predicted/T dependence of

dV/dl for large T cannot be seen in our experiment. The

Another effect which might be superimposed to the reen-
trance effect is the voltage dependence of the contact resis-

#nce of the S-Ninterface. According to Refs. 6 and 7, this

effect plays a role if the conditioh/l>1 is not fulfilled
thereL/l 4~6). It is predicted” that application of either a

evoltage (V>e4/e) or a magnetic field B>h/(eLW)] re-

Uces the contact resistariRgin the NS junction by a factor
of 2. However,R, is not predicted to show any reentrance
behavior. The voltage dependence Rf would lead to a
reduction ofR,, thus making the rati®&},/R,>1 (see Fig.
9 in Ref. j. Due to the asymmetry of the experimental

reason for the discrepancy between experiment and theogyes; the effect of the voltage-dependent contact resistance

for largeT is that the theory assumeg<A, whereas in our
caseey~1/7A.
The experimental voltage dependencedaf/dl (Fig. 5

shows good qualitative agreement with both the experimen-

cannot be observed clearly in our experiment.

D. Influence of a magnetic field

tal and calculated” dependence of the zero-bias resistance An applied magnetic fiel® (in thex direction increases

(Fig. 5 and Fig. & for V<200 u V. However, forV>300

the widthV g\ (or 1,5y) Of the reentrance peak. A small

nV the V-dependence deviates from both curves. This deviacurrent range otiV/dl of sample No. 2 for different values
tion can be explained in terms of the model of the reentrancef B is shown in Fig. 7a). For|B|<2 mT, no change of the
effect given in Ref. 5. The expression for the current is giverwidth | ;g of the ZBM is detected. I1B is increased above

by Eq.(7) in Ref. 5:

|B|~2 mT, the width of the ZBM is increasing. Since the
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FIG. 7. (a) Differential resistancelV/dI of a Nb/Au step junc-
tion (sample No. 2 at different magnetic field8. B is oriented
perpendicular to the stex direction. (1) 0 mT,(2,3) ¥2mT, (4,5
+*5 mT. (b) dV/dI of the same sample for a higher current and

magnetic field range. From top to bottom: 1 T, 500 mT, 80 mT, 40

mT, 10 mT, 5 mT, and O mT.
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FIG. 8. WidthV g, of the zero-bias maximurtsample No. 2
as a function of the magnetic fieBl. The field is oriented in the&
direction. T=1.2 K. The circles indicate the measurement points;
the solid lines are linear approximation curvesB( with
a~ *+90 ueV/mT).

even for small fields, low enough to avoid any disturbance of
the order parameter in S, the conductance of the S-2DEG-N
structure is changed, especially at low voltages. To explain
the broadening of the ZBM, we follow the arguments of
Charlatet al:® As an effect of the magnetic fiel®, the
phase-memory length, is decreasing. Wheh, becomes
smaller than the sample length |, plays the role of an
effective lengthL o for the sample. Sinceg is proportional

to 1/Leﬁ, it is increased in a sufficiently high magnetic field.
As a result, the resistance minimum is shifted to a higher
voltage or, equivalently, the width of the ZBM is increased.
This approach is supported by the observation that the width
of the ZBM is increasing suddenly as soon|B§>2 mT.

To describe the relation between the width of the ZBM
and the applied magnetic field, we use the pair breaking pa-
rametera=eDB, which is relevant for thin superconducting
films in a perpendicular magnetic fie{dee, e.g., Ref. 31In
the experiment presented here, the magnetic field is oriented
perpendicular to the surface 2DEG, where superconducting
correlations are induced. Thus, as a first approximation the

step width in the setup to control the magnet used here i§xpression fora can be applied for the system discussed
limited to 1 mT, we did not investigate the field dependencehere. Since the width of the ZBM is given by approximately

for |B|]<1 mT.
The differential resistanceddl of the same sampl@No.

the Thouless energy, we expect that as sooar &sbecom-
ing larger than the width of the zero bias maximum at zero

2) for a larger current range and for higher magnetic fields ignagnetic field[eVzgu(B=0)], the width Vzgy should be

shown in Fig. Tb). The sharp ZBM broadens witR, and a
gradual transition to @V/dI curve with a broad, flat maxi-
mum around zero biagresistance enhancementl%) is
observed. The shape d¥/dl for fields aboveB=500 mT is

given by a/e. This means that for fields above a threshold
value By,, the widthV,g,, is expected to increase linearly
with B according to the relatioW gy (B) =DB.

A magnetic pair-breaking lengtly can be introduced by

very close to thedV/d| characteristics measured betweendefining the criteriona=e4(lg) (=4D/13). This yields

electrodes on InAs, which have such a large distanre&Q

lg=V®y/ 7B, whered is the magnetic flux quantum. With

um) that effects of phase coherence do not play a role anyncreasing_%, the magnetic pair-breaking length is decreased.
more. The interplay between the inversion layer conductivitylg can be considered as effective lengtly of the sample.

and the conductivity through the bujkInAs leads to a non-

Thus, our approach is in close analogy to the discussion of

linear current-voltage characteristics. A discussion of thighe magnetlc -field-dependent phase-breaking length by Char-

nonlinear behavior of “macroscopic” InAs layers can be

lat et al® (see above. The threshold field,, will be defined

found, for example, in Refs. 20 and 30. This nonlinear shapérom the criterion I[g=L. From this, By, is given by

of dV/dIl remains up to abouf=70 K, and is only weakly
field dependent. The increase B, in a magnetic field

Bin=®o /L2 With L=500 nm, one obtain8,;,=2.5 mT,
which is in very good agreement with the experimental data.

B>100 mT is due to the increase of the resistance of InAs in Figure 8 shows the width of the ZBMV(zy) as a func-

a magnetic field.

tion of B. The solid circles indicate the measurement points.

An applied magnetic field suppresses the superconductivFor 2 mT<|B|<10 mT,V gy is increasing linearly wittB.

ity in both S and the 2DEG. As shown in Figgayand 7b),

The dependenc¥® ;g on B can be approximated b#B,
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wherea is found to bea~ *90 uV/mT. From the theoretical Furthermore, to ensure that the occurrence of the large
arguments discussed above, a linear increaseVgfy zero-bias-resistance enhancement is not only due to the _in—
(Vyem=DB, D~47 uVImT) is expected. Thus, the experi- fluence of the superconductor, bgt also due to a small d_|s—
mentally found linear dependence\fgy, is consistent with ~ {ance between the superconducting and normal conducting
the theoretical consideration. On the other hand, the exper[€S€rvoir, we investigated planar junctions where the dis-
ment yields fora a value which is a factor of 2 larger than @nce between the normal conducting and superconducting
expected from these simple theoretical arguments based &iectrode was approximately 1@n. In this case, effects

pair breaking in superconducting surface films. due to phase co_herence c_io not play a role any more. Here,
we observe again the typical, “macroscopic” InAs charac-

teristics, with a broadseveral mV , flat (Ry/R,~1.01) re-
sistance enhancement around zero P@snparable to the
curves for high fields shown in Fig(3)]. Similar character-
istics are observed with the family of step junctions de-
To ensure that the discussed peculiarities are due to thecribed here, after the channel length has been increased to

influence of the superconductor on the 2DEG, we investigbout 1 um by additional etching of the semiconductor.
gated step junctions with two Au electrod@sstead of one

Nb and one Au electrod.@t low temperatures.lThe junctions IV. CONCLUSIONS
have been prepared using the same fabrication parameters as
described above for the Nb/Au junctions. For the same tem- We have measured the temperature, current, and magnetic
perature regiori300 mK<T<12 K) and voltage range—3 field dependence of the current-voltage characteristics in Nb-
mV<V<3 mV), the Au/Au junctions show different behav- InAs-Au step junctions with a distance between the Nb and
ior compared to the Nb/Au junctions. The differential resis-Au electrodes of about 500 nm. An increase of the system’s
tance of the Au/Au junctions depends only weakly on theresistance is observed when all energies involved are below
current, magnetic field, and temperature. A very broadb( the Thouless energy of the sample. Our experimental results
mV), flat (Ry/R,~1.01) resistance enhancement aroundare compared to recent theories developed for proximity in-
zero bias is detected. TheV/dl curve is similar to the duced correlations in diffusive, quasi-one-dimensional nor-
dV/dlI curves of Nb/Au step junctions for high fields shown mal metals. The good agreement between experiment and
in Fig. 7(b). Also the values of the resistances are of thetheory suggests that the reentrance effect of normal conduc-
same order of magnitude as for the Nb/Au step junctions. tivity plays an important role for systems based on a two-
With Nb/Nb step junctionsl{~200 nm), we observe Jo- dimensional electron gas in the diffusive limit.
sephson coupling or at least enhanced conductivity around
zero bias. Results with Nb-InAs-Nb step junctions with a
rather low interface transparency are published in Refs. 32
and 33. With improved interface cleanirilpw energy Ar- We would like to thank A. Kastalsky for his contribution
ion treatment the Nb-InAs-Nb junctions have a normal re- in the early stage of this work. We are grateful to A.l. Bra-
sistance close to the resistance of the Nb-InAs-Au step junagginski, T. Doderer, E. Goldobin, H. Kohlstedt, M.Yu. Ku-
tions presented hefd. The dV/dl curves show an priyanov, H. Lith, K. Neurohr, T. Schaers, and A.V. Usti-
asymmetry of the same order of magnitu@dout 2%) as nov for many valuable suggestions and discussions, and to
the Nb/Au step junctions. Ch. Krause for the MBE growth of the semiconductors.

E. Comparison of the Nb/Au step junctions with Au/Au step
junctions, Nb/Nb step junctions,
and large-distance Nb/Au junctions
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