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Charge transport in superconductor/semiconductor/normal-conductor step junctions

S. G. Lachenmann, I. Friedrich, A. Fo¨rster, D. Uhlisch, and A. A. Golubov*
Institut für Schicht- und Ionentechnik, Forschungszentrum Ju¨lich, D-52425 Ju¨lich, Germany

~Received 14 February 1997; revised manuscript received 4 June 1997!

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 distance~'500 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 found.@S0163-1829~97!03245-1#
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I. INTRODUCTION

Mesoscopic structures in which normal metal wires, se
conductors, or a two-dimensional electron gas~2DEG! are
attached to superconductors have received much attentio
the past few years~see, e.g., Ref. 1!. In this article, experi-
mental results on the transport properties of a 2DEG~in the
dirty limit ! are presented. On the one side, the 2DEG
brought in direct contact with a superconducting reserv
On the other side, the 2DEG is connected to a normal c
ducting reservoir by means of a highly transparent cont
Such a junction is just a particular example of a nonequi
rium superconductor: First, superconducting correlation p
etrates into the 2DEG and the Cooper pair amplitude is n
zero there. Second, an applied voltage results in a penetr
of the electric field into the 2DEG and the quasiparticle d
tribution function is driven out of equilibrium.

Figure 1 shows a sketch of a superconductor~S!/normal-
conductor~N! junction considered here. A 2DEG~or meso-
scopic metal N8! is connected by means of highly transpare
boundaries to a S and a N electrode. A short distance b
tween the S and N electrodes is necessary, since phas
herence of the charge carriers has to be maintained. In
article, a short distanceL of approximately 500 nm betwee
the electrodes is realized by a step geometry.

Normal-superconductor junctions have already been
vestigated theoretically in the 1970s by Artemenko, Volko
and Zaitsev.2 They predicted that at zero energy~temperature
T50 and bias voltageV50) the total resistance of the S-
junction coincides exactly with a junction using two norm
conducting electrodes~N-N junction!. With increasingT, the
resistance of the S-N junction is first decreasing, and t
increasing again. For highT, it reaches its normal stat
value. This phenomenon is called the thermal proximity
fect or reentrance effect.

A further understanding of this effect has been achie
very recently by several authors.3–5 The physics behind this
reentrance effect involves nonequilibrium effects betwe
quasiparticles injected by the N reservoir and electron p
leaking from S. Volkovet al.3 propose that particle-hole
symmetry breaking due to the use of a small but finite b
voltage provides a mechanism for the reentrance effect, e
560163-1829/97/56~21!/14108~8!/$10.00
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at zero temperature. Nazarov and Stoof4 attribute the reen-
trance behavior of the resistivity to an energy dependenc
the diffusivity in N8. In Ref. 5, it is proposed that the reen
trance effect is due to a soft pseudogap in the density
states in the N8-metal. Despite the different models, all me
tioned theories3–5 describe different aspects of the sam
phenomenon, whose existence arises from the ph
coherent nature of Andreev scattering. All these various
proaches predict a decrease of the system’s resistanc
about 10% for voltages below the gap voltageD/e of the
superconductor, wheree is the elementary charge. If all en
ergies involved are smaller than the Thouless ene
«g5\D/L2, the resistance will increase again with decre
ing energy~with decreasingT or V) (\ is Planck’s constant
divided by 2p, and the characteristic energy scale«g is in-
versely proportional to the time it takes for an electron
diffuse across the lengthL with diffusion coefficientD). At
T50 andV50 the resistance coincides exactly with the r
sistance without the influence of the superconductor.
mentioned theories3–5 assume that charge transport in N8 is
in the diffusive limit, which implies thatL needs to be much
larger than the elastic mean free pathl el of the charge carri-
ers. If the conditionL/ l el@1 is not fulfilled, the contact re-
sistanceRc between S and N8 must be taken into account.Rc
is predicted to be voltage and magnetic field dependent.6,7

To obtain an understanding of the physics behind the
entrance behavior of the system’s resistance, we give a s

FIG. 1. Sketch of the junction considered here. A 2DEG~or
mesoscopic normal metal N8! is connected by means of highl
transparent boundaries to a superconducting~S! and a normal con-
ducting~N! electrode. The distance between the electrodes isL, and
W is the width of the junction.
14 108 © 1997 The American Physical Society
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56 14 109CHARGE TRANSPORT IN . . .
summary of the theory presented in Ref. 5. The proxim
induced superconducting correlation between electrons
diffusive normal metal N8 survives up to a distance of orde
jN}AD/T ~normal coherence length!, whereD is the diffu-
sion coefficient in N8 and T the temperature. WhenT is
reduced, the proximity induced superconductivity expand
the normal metal N8, and the resistance of the system
decreased. At sufficiently lowT, the lengthjN becomes of
the order of the sizeL of the normal layer N8. Now, the
system’s behavior becomes sensitive to the influence of
N electrode. If the boundary between the N electrode and
N8 area is highly transparent, the reentrance effect appea
can be shown,5 that the spatially averaged density of states
the N8 area shows a soft pseudogap which is of the orde
«g . This means that the density of states in N8 at small
energies«,«g is smaller than its normal state value~without
the influence of S!, but always remains nonzero. It increas
with increasing« and reaches its normal state value f
«>«g ~see Fig. 7 in Ref. 5!. Therefore, with increasing«
(«,«g), the system’s resistance is decreasing. Since in
presence of proximity-induced superconductivity correla
and uncorrelated electrons contribute to the current, the
tem’s resistance in the case of fully transparent interface
never larger than its normal state value~N-N junction!. For
«50 (T50 andV50) it coincides exactly with its norma
state value.

All calculations presented in Refs. 3–5 consider the ‘‘n
row’’ junction limit, where the widthW of the normal con-
ductor N8 ~see Fig. 1! is smaller thanjN . For the thin film
geometry (W@L), which describes the system presented
this article more closely, no complete theory exists yet. Ho
ever, if the current distribution in the junction is homog
neous, we expect no qualitative difference between tw
dimensional and quasi-one-dimensional theory. T
geometry of the junctions, which will be discussed here
close to ‘‘overlap’’ geometry for Josephson tunnel junction
For overlap junctions it is shown that the current is distr
uted almost uniformly~see, e.g., Ref. 8!.

The low-temperature reentrant behavior of the resista
has been measured very recently by Charlatet al.9,10 and
Petrashovet al.11 They used disordered normal metal stru
tures containing superconducting islands or boundar
Charlat et al. demonstrated that a normal conducting C
wire, which is connected to a superconducting and a nor
conducting reservoir, shows a reentrance effect for ener
smaller than«g . The authors have shown that this pheno
enon can be observed in the differential resistance as a f
tion of temperature and as a function of the bias curre
respectively. The characteristic voltageVg is related to«g by
Vg'«g /e, and the characteristic temperatureTg by
Tg'«g /kB , wherekB is Boltzmann’s constant. The exper
ments of Petrashovet al.11 have shown that the amplitude o
h/2e oscillations in the magnetoresistance of a mesosco
normal metal ring with two superconducting ‘‘mirrors’’ dras
tically differs in magnitude from that of the ring withou
superconductors. The oscillation amplitude is maximal a
temperature corresponding to the Thouless energy («g /kB).
Closely related to the low-temperature reentrant behavior
recent results obtained by tunneling spectroscopy exp
ments with mesoscopic wires in contact with normal a
superconducting electrodes by Gue´ron et al.12
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In this article, a 2DEG is employed as the mesosco
material N8 between the S and N electrodes. Charge tra
port in the 2DEG is considered to be in the ‘‘clean limit,’’
the elastic mean free pathl el is larger thanjN , whereas it is
in the dirty limit for l el!jN . If l el is larger than the sample
lengthL, charge transport in the junction is ballistic, where
it is diffusive for l el,L. Here, charge transfer in the 2DEG
diffusive, as revealed from transport measurements discu
in Sec. II.

Experiments where a 2DEG is coupled to closely spa
S and N electrodes have been reported very recently by
Hartoget al.13 There, a reentrance behavior in the tempe
ture dependence of magnetoresistance oscillations is
served. In contrast to this experiment, we have used a dif
ent sample configuration and a different material. Here,
reentrance behavior in a 2DEG is measured directly in
differential resistance as a function of temperature, bias c
rent, and magnetic field.

II. SAMPLES

Hybrid junctions which combine superconductors and
2DEG can be fabricated from Nb and InAs~see, e.g., Refs
14–16!. Pinning of the Fermi level inside the conductio
band at the surface of InAs allows free transport of electr
across the S/2DEG interface, thus avoiding a Schottky b
rier. The surface ofp-type InAs is characterized by a high
mobility inversion layer, which represents a 2DEG~see, e.g.,
Ref. 17!. The 2DEG channel has a depth of approximat
10 nm. Step junctions~with two Nb electrodes! using the
surface inversion layer ofp-InAs as a two-dimensional chan
nel between the electrodes have been proposed
Kastalsky.18

For the step junctions discussed here, a 300-nm-th
low- p-doped (p2) epitaxial layer~acceptor concentration
np'531016/cm3) is grown on a highly-p-doped (p1) sub-
strate (np>1018/cm3 ) using molecular beam epitax
~MBE!. At T54.2 K the hole density in thep2 layer is
reduced due to freeze-out, so that the conductivity is entir
controlled by the surface 2DEG. The parameters of
2DEG inversion layer have been investigated using
Corbino geometry,19 where ring-shaped Au electrodes on to
of InAs are used to apply the current and to measure
voltage. The existence of the surface 2DEG has been c
firmed by Shubnikov–de Haas measurements atT51 K,
yielding an electron concentration in the 2DEG
n'1012/cm2. By analyzing the dependence of the different
resistancedV/dI on an applied magnetic fieldB the mobility
m of the inversion electrons is estimated to bem'5000
cm2/V s. The sheet resistanceRh at T51.2 K is Rh'1.16
kV.20 From these values, the elastic mean free path is e
mated to bel el5vFt'78 nm, with the Fermi velocity
vF5\kF /m!'1.23106 m/s and scattering time
t5m!m/e'65 fs. @kF5A2pn is the Fermi wave vector
The effective mass in InAsm! is assumed to bem!'0.023
me ~see, e.g., Ref. 17!, whereme is the free electron mass.#
The diffusion constant isD5(1/2)vFl el'470 cm2/s. The su-
perconducting correlation length in the 2DEG~‘‘dirty
limit’’ ! is given byjN5A(\/2pkB)(D/T), yieldingjN'240
nm atT51 K. According to literature~see, e.g., Ref. 21!, the
inelastic mean free pathl in in the surface inversion layer o



t
a
,
e

om
n-
-
e
T

e
-

r

t
tc
t

ne
th

le
on

e

on
a
te
go
ne
b

Nb

l

s

e

d.
the

ver-
-

s of
se

p-

bi-

tial

e

tiv-

than

ated
ap

m

i
te

r-

4

14 110 56S. G. LACHENMANN et al.
InAs is approximately 1mm for T'2 K.
In order to observe coherent charge transport through

2DEG, the distance between the electrodes has to be sm
than the phase-breaking lengthl f . l f gives the length scale
on which electrons traveling along different paths can int
fere. In our samples we estimate it to bel f' l in('1 m m).

Here, a small distance is realized by using a step ge
etry ~see Fig. 2!, which allows one to fabricate a short cha
nel lengthL ~smaller than 200 nm!, even without the neces
sity of using electron beam lithography. Nb and Au are us
as superconducting and normal reservoirs, respectively.
surface inversion layer ofp-type InAs ~2DEG! provides the
coupling between the two reservoirs.

For the samples discussed here, the first Nb electrod
sputtered at a pressure of about 1027 mbar. Prior to the depo
sition of the Nb film, the sample surface is cleaned by
Ar-sputter cleaning~dc bias: 800 V, 10 s!. After a lift-off
process, the step in InAs~heightL) is etched using the firs
~top! Nb electrode as an etch mask. A wet-chemical e
(H2O2:H3PO4:H2O 5 1:1:38) with an etching rate of abou
100 nm/min was used. Finally, the second electrode~Au! is
deposited bye-beam evaporation at a pressure of about 1027

mbar using the first electrode as shadow mask. The thick
of the top Nb film is about 150 nm, and the thickness of
lower Au film is 60 nm. It is known22,23 that Ar bombard-
ment can change the electronic properties of InAs. Mil
et al.22 studied the effect of low- energy Ar bombardment
the surface conductivity ofp-InAs. They showed thatn as
well asm is increased after Ar cleaning. However, with th
2DEG of an InAs based quantum well structure,23 m is
shown to decrease due to Ar cleaning. Thus, the electr
properties of the 2DEG underneath the top electrode
probably different from those measured on the untrea
layer. Prior to deposition of the second electrode, no ar
cleaning was used. Thus, the main part of the chan
namely, the 2DEG at the side of the step, is not influenced
Ar cleaning, since it is etched after deposition of the first
electrode.

Due to the fabrication process~underetching and shadow
evaporation of the second electrode!, the effective channe
lengthL is larger than the etch depthL. With an etch depth
L'250 nm, the channel length between the normal and
perconducting reservoirs isL'500 nm, as estimated from
scanning electron micrographs. For the following consid
ations, the parameters of the 2DEG~carrier densityn and the

FIG. 2. Sketch of a Nb/Au step junction. The upper electrode
a Nb film, the lower electrode is a Au film. The dark area indica
the 2DEG at the surface of InAs. The step height isL'250 nm, the
width of the sample isW5100mm.
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mobility m) determined from planar geometry are use
Weak Shubnikov–de Haas oscillations are detected in
magnetoresistancedV/dI of the Nb/Au step junctions as
well. However, it is difficult to determinen andm quantita-
tively from these measurements, since for the surface in
sion layer ofp-InAs only measurements in Corbino geom
etry yield reliable data. If we assume that the parameter
the 2DEG at the step do not deviate significantly from tho
measured in planar geometry, the channel lengthL is much
larger than the elastic mean free pathl el (L/ l el'6) but
shorter thanl f . Furthermore,L is larger thanjN for T.300
mK, and the gap energyD of Nb (D'1.45 meV! exceeds
the Thouless energy«g ('130 meV). This implies that the
step junctions are in a mesoscopic regime.

III. RESULTS AND DISCUSSION

The experiments have been performed in He~3! and
He~3!/He~4! dilution cryostats. A magnetic field can be a
plied either in x ~perpendicular to the step! or in the
z-direction~see Fig. 2!. The differential resistancedV/dI has
been measured by the lock-in technique; the sample was
ased with an ac currentdI'1 mA with a frequency of 170
Hz in addition to the dc currentI . The voltage signaldV was
phase sensitively detected.

A. Zero-bias maximum in the differential resistance

We tested four similar samples with widthW5100 mm
andL'500 nm. The parameters of the samples~Nos. 1–4!
are listed in Table I.

Figure 3 shows the voltage dependence of the differen
resistancedV/dI of a Nb/Au step junction~sample No. 1! at
T5300 mK andB50. For voltages much larger than th
superconducting gap of Nb,uVu.D/e '1.45 mV, the resis-
tance has the valueRn

1 andRn
2 for the positive and negative

voltage axes, respectively. The asymmetryRn
2/Rn

1'1.02
may be caused by a small parallel contribution of conduc
ity through the bulkp-InAs.16 For voltages smaller thanD/e
the resistance drops to a value which is about 10% less
Rn . At low voltageuVZBMu'200mV, a sharp increase of the
resistance is observed. The resistance at zero bias is indic
by R0. The vertical arrows in Fig. 3 indicate the energy g
voltage of Nb (VD5D/e'1.45 mV!; the tilted arrows define
the ~half! width VZBM of the zero-bias-resistance maximu
~ZBM!.

At voltages well aboveD/e, the current varies linearly
with voltage and extrapolates to a positive current valueI exc
at V50. The occurrence of an excess current (I exc'10 mA)

s
s

TABLE I. Parameters of samples Nos. 1–4.W5100 mm and
L'500 nm.Rn is the normal resistance,Rmin the minimal resis-
tance, andVZBM the width of the zero-bias maximum in the diffe
ential resistance on theV axis, respectively.~2,1! denotes the
negative and positive voltage axes.T5800 mK, andB50.

No. 1 No. 2 No. 3 No. 4

Rn @V# (2,1) 1.14,1.12 2.11,2.07 1.2,1.18 3.5,3.48
Rn /Rmin(2,1) 1.08,1.05 1.06,1.04 1.07,1.05 1.06,1.0
VZBM@mV# '200 '200 '220 '210
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56 14 111CHARGE TRANSPORT IN . . .
indicates that the boundaries between the supercondu
electrode and the 2DEG are highly transparent and that
boundary resistance is small.24,25

For the step junctions withL'500 nm andD'470 cm2/s,
«g'130meV is calculated. For all samples~Nos. 1–4, Table

FIG. 3. Differential resistancedV/dI of a Nb/Au step junction
as a function of the voltageV ~Sample No. 1! at T5300 mK and
B50. The vertical arrows indicate the energy gap voltage of
(VD5D/e'1.45 mV!, the tilted arrows define the~half! width
VZBM ('6200 mV) of the zero-bias-resistance maximum.

FIG. 4. ~a!, ~b! Differential resistancedV/dI vs bias currentI of
sample No. 1 for different temperatures andB50.
ng
he

I!, the width of the ZBM isVZBM'200 mV, which is ap-
proximately 1.6«g /e. As will be shown in the next subsec
tion, the temperature dependence ofR0(T)5dV/dI(V
50,T) for smallT is very close to the voltage dependence
the ZBM. Temperature and voltage can be related
eV5kBT.

All four Nb/Au junctions on the same chip show qualita
tively the same behavior~see Table I!. With W5100mm and
L'250 nm, the measuredRn is between 1 and 3.5V.26 The
resistance decrease below the gap voltage is always a
10% of Rn . The resistance increases for voltag
uVu,uVZBMu'200 mV. The dV/dI of all samples has an
asymmetry of about 2%.

B. Temperature dependence of the zero-bias maximum

The heightR0(T)5dV/dI (V50,T) of the ZBM is de-
creasing with increasing temperatureT. Figures 4~a! and 4~b!
show the differential resistance of sample No. 1 for differe
T in dependence of the bias currentI . For 300 mK,T,1.5
K only the heightR0(T) of the ZBM is decreasing, wherea
no significant increase of the width of the ZBM (VZBM) can
be detected. This is in accordance with the assumption,
the width of the ZBM is given by«g , which depends only
weakly onT in this range. ForT.3 K the zero-bias resis-
tance maximum is suppressed, and only a broad conduct
enhancement foruVu,D/e remains. ForT larger than the
critical temperature of Nb (Tc'9 K!, dV/dI is almost inde-
pendent ofV. TheT dependence has to be compared with t
situation under the influence of a magnetic field. A magne
field yields a broadening of the ZBM, whereas the heightR0
is constant for small fields~see Sec. III D!.

In Fig. 5, the experimentally observed temperature dep
dence of the zero-bias resistanceR0 is compared with the
voltage dependence of dV/dI at T5300 mK. The upperx
axis showsT; the lowerx axis showsV.

b

FIG. 5. Comparison of the temperature dependence of the z
bias resistanceR0 with the voltage dependence ofdV/dI at T5300
mK ~sample No. 1!. The solid circles indicate the measureme
points ofR0(T); the dashed line is only a guide for the eye~upper
x axis, right y axis!. The solid line is the measureddV/dI(V)
~lower x axis, left y axis!. Thex axes are related viaeV5kBT.
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14 112 56S. G. LACHENMANN et al.
The resistance enhancement is suppressed at a tem
ture of 2Tg'2«g /kB'3 K. On the other hand, at low tem
peratures (T,3 K!, a voltage larger than approximate
1.6Vg'1.6«g /e'200 mV suppresses the enhanced res
tance. This comparison indicates again that«g is the relevant
energy for the appearance of the zero-bias maximum.
small energies (V,300 mV, T,3 K!, the T dependence o
the ZBM corresponds very well to theV dependence of dV/d
I . For V.300 mV, the V dependence ofdV/dI deviates
from the T dependence ofR0. This deviation will be dis-
cussed in the next section.

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

Figure 6 shows a calculation of the zero-bias resista
RSN ~5R0) of a S-N8-N system~see Fig. 1! as a function of
T. The calculation has been performed using the proced
described in Ref. 5. For this curve, it is assumed that
barrier between N~here Au! and N8 ~here 2DEG! exists.
Furthermore, this calculation is based on the assumption
N8 is in the diffusive limit (L@ l el) and that the supercon
ducting energy gap is considerably larger than the Thou
energy (D@«g). As can be seen from Fig. 6, the resistan
enhancement due to the reentrance effect appears app
mately at 2«g . The experimentalT dependence~Fig. 5!
shows good qualitative agreement with the theory~Fig. 6!
for T,6 K. However, the predictedAT dependence o
dV/dI for large T cannot be seen in our experiment. T
reason for the discrepancy between experiment and th
for largeT is that the theory assumes«g!D, whereas in our
case«g'1/7D.

The experimental voltage dependence ofdV/dI ~Fig. 5!
shows good qualitative agreement with both the experim
tal and calculatedT dependence of the zero-bias resistan
~Fig. 5 and Fig. 6! for V,200 m V. However, forV.300
mV the V-dependence deviates from both curves. This de
tion can be explained in terms of the model of the reentra
effect given in Ref. 5. The expression for the current is giv
by Eq. ~7! in Ref. 5:

FIG. 6. Calculation of the resistanceRSN of a S-N8-N system as
a function ofT ~after Ref.@5#! The resistanceRSN is normalized to
its normal state valueRNN . T is normalized to«g /kB .
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0

`

d«F tanhS «1eV

2kBT D2tanhS «2eV

2kBT D GD~«!. ~1!

Here D(«) is the effective transparency of the system
introduced in Ref. 5, which in the absence of a barrier at
interface is determined by Eq.~17! of Ref. 5. The normalized
conductances(V,T)5(RndI/dV) in the two limiting cases
of T50 andV50 is given by

s~0,T!5
1

2kBTE0

` D~«!

cosh2~«/2kBT!
d«,

~2!

s~V,0!5D~eV!.

An inspection of these expressions shows that due to
enhancement of the effective transparency of the sys
D(«) at energies«;«g both quantitiess(0,T) ands(V,0)
have maxima atkBT;«g and eV;«g and show reentran
behavior, respectively. However, for comparable valu
eV5kBT the correction to the voltage-dependent conduc
ity is larger, i.e.,ds(V,0). ds(0,T).

This will be demonstrated now explicitly for the cas
eV,kBT@«g , when the high-energy asymptotic

D(«)5CA«g /« gives the main contribution tods ~hereC is
the numerical constant calculated in Ref. 5!. In this case, one
immediately obtainsds(V,0)5CA«g /eV, whereasds(0,T)
,CA«g /kBT. Indeed, an upper estimatedsmax(0,T)
5CA«g /kBT follows assuming cosh2(«/2kBT)51. Since
at high energies («>kBT) the integral in Eq.~2! converges
and cosh2(«/2kBT).1, the above inequality follows in a
straightforward way.

The physical reason fords(V,0). ds(0,T) is that in the
calculation ofds(0,T) the whole Fermi distribution is taken
into account and therefore the high-energy contribution
D(«) is underestimated, whereas only electrons with«5eV
contribute tods(V,0).

This behavior is observed in the experiment. As can
seen from Fig. 5,dV/dI(V) is smaller thanR0(T) for
V.200 mV and T.2 K, respectively.

Another effect which might be superimposed to the re
trance effect is the voltage dependence of the contact re
tance of the S-N8 interface. According to Refs. 6 and 7, th
effect plays a role if the conditionL/ l el@1 is not fulfilled
~hereL/ l el'6). It is predicted,6,7 that application of either a
voltage (V@«g /e) or a magnetic field@B@h/(eLW)# re-
duces the contact resistanceRc in the NS junction by a factor
of 2. However,Rc is not predicted to show any reentran
behavior. The voltage dependence ofRc would lead to a
reduction ofRn , thus making the ratioR0 /Rn.1 ~see Fig.
29 in Ref. 7!. Due to the asymmetry of the experiment
curves, the effect of the voltage-dependent contact resista
cannot be observed clearly in our experiment.

D. Influence of a magnetic field

An applied magnetic fieldB ~in thex direction! increases
the width VZBM ~or I ZBM) of the reentrance peak. A sma
current range ofdV/dI of sample No. 2 for different values
of B is shown in Fig. 7~a!. For uBu,2 mT, no change of the
width I ZBM of the ZBM is detected. IfB is increased above
uBu'2 mT, the width of the ZBM is increasing. Since th
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step width in the setup to control the magnet used her
limited to 1 mT, we did not investigate the field dependen
for uBu,1 mT.

The differential resistance dV/dI of the same sample~No.
2! for a larger current range and for higher magnetic field
shown in Fig. 7~b!. The sharp ZBM broadens withB, and a
gradual transition to adV/dI curve with a broad, flat maxi-
mum around zero bias~resistance enhancement'1%) is
observed. The shape ofdV/dI for fields aboveB5500 mT is
very close to thedV/dI characteristics measured betwe
electrodes on InAs, which have such a large distance (.10
m m) that effects of phase coherence do not play a role a
more. The interplay between the inversion layer conductiv
and the conductivity through the bulkp-InAs leads to a non-
linear current-voltage characteristics. A discussion of t
nonlinear behavior of ‘‘macroscopic’’ InAs layers can b
found, for example, in Refs. 20 and 30. This nonlinear sh
of dV/dI remains up to aboutT570 K, and is only weakly
field dependent. The increase ofRn in a magnetic field
B.100 mT is due to the increase of the resistance of InA
a magnetic field.

An applied magnetic field suppresses the supercondu
ity in both S and the 2DEG. As shown in Figs. 7~a! and 7~b!,

FIG. 7. ~a! Differential resistancedV/dI of a Nb/Au step junc-
tion ~sample No. 2! at different magnetic fieldsB. B is oriented
perpendicular to the step (x direction!. ~1! 0 mT, ~2,3! 72mT, ~4,5!
75 mT. ~b! dV/dI of the same sample for a higher current a
magnetic field range. From top to bottom: 1 T, 500 mT, 80 mT,
mT, 10 mT, 5 mT, and 0 mT.
is
e

is

y-
y

s

e

n

iv-

even for small fields, low enough to avoid any disturbance
the order parameter in S, the conductance of the S-2DEG
structure is changed, especially at low voltages. To exp
the broadening of the ZBM, we follow the arguments
Charlat et al.:9 As an effect of the magnetic fieldB, the
phase-memory lengthl f is decreasing. Whenl f becomes
smaller than the sample lengthL, l f plays the role of an
effective lengthLeff for the sample. Since«g is proportional
to 1/Leff

2 , it is increased in a sufficiently high magnetic fiel
As a result, the resistance minimum is shifted to a hig
voltage or, equivalently, the width of the ZBM is increase
This approach is supported by the observation that the w
of the ZBM is increasing suddenly as soon asuBu.2 mT.

To describe the relation between the width of the ZB
and the applied magnetic field, we use the pair breaking
rametera5eDB, which is relevant for thin superconductin
films in a perpendicular magnetic field~see, e.g., Ref. 31!. In
the experiment presented here, the magnetic field is orie
perpendicular to the surface 2DEG, where superconduc
correlations are induced. Thus, as a first approximation
expression fora can be applied for the system discuss
here. Since the width of the ZBM is given by approximate
the Thouless energy, we expect that as soon asa is becom-
ing larger than the width of the zero bias maximum at ze
magnetic field@eVZBM(B50)#, the width VZBM should be
given by a/e. This means that for fields above a thresho
value Bth , the width VZBM is expected to increase linearl
with B according to the relationVZBM(B)5DB.

A magnetic pair-breaking lengthl B can be introduced by
defining the criteriona5«g( l B) (5\D/ l B

2). This yields
l B5AF0 /pB, whereF0 is the magnetic flux quantum. With
increasingB, the magnetic pair-breaking length is decreas
l B can be considered as effective lengthLeff of the sample.
Thus, our approach is in close analogy to the discussion
the magnetic-field-dependent phase-breaking length by C
lat et al.9 ~see above! . The threshold fieldBth will be defined
from the criterion l B5L. From this, Bth is given by
Bth5F0 /pL2. With L5500 nm, one obtainsBth52.5 mT,
which is in very good agreement with the experimental da

Figure 8 shows the width of the ZBM (VZBM) as a func-
tion of B. The solid circles indicate the measurement poin
For 2 mT,uBu,10 mT,VZBM is increasing linearly withB.
The dependenceVZBM on B can be approximated byaB,

0

FIG. 8. WidthVZBM of the zero-bias maximum~sample No. 2!
as a function of the magnetic fieldB. The field is oriented in thex
direction. T51.2 K. The circles indicate the measurement poin
the solid lines are linear approximation curves (aB, with
a'690 meV/mT!.
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wherea is found to bea'690 mV/mT. From the theoretica
arguments discussed above, a linear increase ofVZBM
(VZBM5DB, D'47 mV/mT) is expected. Thus, the exper
mentally found linear dependence ofVZBM is consistent with
the theoretical consideration. On the other hand, the exp
ment yields fora a value which is a factor of 2 larger tha
expected from these simple theoretical arguments base
pair breaking in superconducting surface films.

E. Comparison of the Nb/Au step junctions with Au/Au step
junctions, Nb/Nb step junctions,

and large-distance Nb/Au junctions

To ensure that the discussed peculiarities are due to
influence of the superconductor on the 2DEG, we inve
gated step junctions with two Au electrodes~instead of one
Nb and one Au electrode! at low temperatures. The junction
have been prepared using the same fabrication paramete
described above for the Nb/Au junctions. For the same t
perature region~300 mK,T,12 K! and voltage range~23
mV,V,3 mV!, the Au/Au junctions show different behav
ior compared to the Nb/Au junctions. The differential res
tance of the Au/Au junctions depends only weakly on
current, magnetic field, and temperature. A very broad ('5
mV!, flat (R0 /Rn'1.01) resistance enhancement arou
zero bias is detected. ThedV/dI curve is similar to the
dV/dI curves of Nb/Au step junctions for high fields show
in Fig. 7~b!. Also the values of the resistances are of
same order of magnitude as for the Nb/Au step junction

With Nb/Nb step junctions (L'200 nm!, we observe Jo
sephson coupling or at least enhanced conductivity aro
zero bias. Results with Nb-InAs-Nb step junctions with
rather low interface transparency are published in Refs
and 33. With improved interface cleaning~low energy Ar-
ion treatment!, the Nb-InAs-Nb junctions have a normal r
sistance close to the resistance of the Nb-InAs-Au step ju
tions presented here.34 The dV/dI curves show an
asymmetry of the same order of magnitude~about 2%) as
the Nb/Au step junctions.
ri-

on

he
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e

d
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c-

Furthermore, to ensure that the occurrence of the la
zero-bias-resistance enhancement is not only due to the
fluence of the superconductor, but also due to a small d
tance between the superconducting and normal conduc
reservoir, we investigated planar junctions where the d
tance between the normal conducting and superconduc
electrode was approximately 100mm. In this case, effects
due to phase coherence do not play a role any more. H
we observe again the typical, ‘‘macroscopic’’ InAs chara
teristics, with a broad~several mV! , flat (R0 /Rn'1.01) re-
sistance enhancement around zero bias@comparable to the
curves for high fields shown in Fig. 7~b!#. Similar character-
istics are observed with the family of step junctions d
scribed here, after the channel length has been increase
about 1mm by additional etching of the semiconductor.

IV. CONCLUSIONS

We have measured the temperature, current, and magn
field dependence of the current-voltage characteristics in
InAs-Au step junctions with a distance between the Nb a
Au electrodes of about 500 nm. An increase of the syste
resistance is observed when all energies involved are be
the Thouless energy of the sample. Our experimental res
are compared to recent theories developed for proximity
duced correlations in diffusive, quasi-one-dimensional n
mal metals. The good agreement between experiment
theory suggests that the reentrance effect of normal cond
tivity plays an important role for systems based on a tw
dimensional electron gas in the diffusive limit.
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