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The effect of quasiparticle interferences on the transport between a two-dimensional electron gas in an
In,Ga, _,As/InP heterostructure and the superconducting Nb electrodes of a Josephson junction is studied. The
phase difference between the superconducting electrodes leading to the interference effects is adjusted by the
Josephson effect. The quasiparticle interference results in a conductance plateau with a maximum at zero bias
current through the Josephson junction. By applying a magnetic field the interference effect can be controlled.
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A combination of normal conductors with superconduct- The 2DEG is realized by using an,[Ba, _,As/InP layer
ing electrodes opened up the possibility to discover interestsystem grown by metal-organic vapor phase epitaxy. The
ing new effects based on Andreev reflectfonin an An-  heterostructure consists of a 300-nm thick InP buffer layer, a
dreev reflection process an electron that travels from th@-nm thickn-doped InRSi) layer, a 20-nm thick InP spacer,
normal conductor side on a superconductor/normalfollowed by a 10-nm thick strained 4p-GaysAs channel
conductor(SN) interface is retroreflected as a hole. On thejayer, and a 115-nm thick fn{Ga,4As cap layer. From

superconductor side a Cooper pair is created Sim“'ta”eo“Slbhagneto-transport measurements # K. a sheet electron
When a second superconductor electrode is added so that OBSncentration of 7.6810cm 2 and a mobility of

ends up with a SNS sandwich, a Josephson current due 3600 crA/V s were deduced
phase-coherent Andreev reflection can be observed. As for A schematic illustration of the sample layout is shown in

Josephson tunnel junctions the phase differeficeetween ig. 1(a). A semiconductor mesa was defined by electron

. . F
the superconducting electrodes can be adjusted by the . L X
supercmﬁ)rren‘i. g J y tloeam lithography and reactive ion etching (GH,). The

If a normal conductor is sandwiched between two super€!ching depth of 200 nm was well below the depth of the

conducting electrodes, the resistance between the norm@hannel layer. The width of the semiconductor mesa used as
conductor and one of the superconducting electrodes is @& Normal conductor bridge wak=500 nm. As ohmic con-
periodic function of the phase diﬁerenm between the Su- tacts to the 2DEG N|/AU:Ge/N| padS were Used. For the fab'
perconducting electrod@s!®In all experiments cited above,
the difference of the macroscopic phase was controlled by a)
threading a magnetic flux through a superconducting loop
with a gap connected by a normal conductor. Alternatively,
the phase difference between two superconducting electrodes
can also be adjusted by means of the Josephson &tfeet, y
for an ideal Josephson tunnel junction the phase difference is
related to the supercurrent By=1.sin¢, wherel, is the
critical current. Based on this mechanism Nakano and
Takayanad® proposed an interferometer setup with the two Josephson current
branches of the normal conductor connected to the supercon- 2 jﬂt
ducting electrodes of a Josephson tunnel junction. I

In this Communication, we discuss quasiparticle interfer- @ >
ence effects between a normal conductor and the supercon- b) )
ducting electrodes of a SNS junction. In contrast to ¢xe Josephson
ternal control of the interference by a magnetic flux in a current |1
superconducting loop, the phase difference between the su- i
perconducting electrodes is controlledernally by the Jo- T f . f”
sephson effect. As a normal conductor we chose a two- 7/2 phase
dimensional electron ga$2DEG) in an InGa _,As/InP < (0,=9,)
heterostructure. It will be shown that the conductance be- oe
tween the 2DEG and one of the superconducting electrodes gig. 1. (a) lllustration of the sample layout and the measure-
is controlled by the phase difference induced by the Josephnent configuration. The width of the Nb electrodestis=6 wm.
son bias current flowing through tI&2DEGIS junction. A The separation is 500 nnib) Sinusoidal current-phase relation of
maximum is found at zero bias current due to constructivean ideal Josephson junction. The bold line shows the range acces-
interference. By applying a magnetic field the local phasesible by biasing the junction from-I. to +1.. (c) Electron and
difference between the electrodes is modified leading to &ole trajectories for a single point of reflection at e€®@BDEG
shift of the maximum. interface.
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' ' ' rentl,. between the 2DEG and the right-hand side Nb elec-
trode and by detecting the corresponding ac voltage drop
V. The differential conductana#l/dV is determined from

| ac/Vac- It exhibits a pronounced plateau if t82DEG/S is

in the Josephson state. Flylarger thanl . the differential

0.28

2 026 conductance is lower by about 20%.
£ We will now focus on the range of bias currents where the
% S/2DEG/S junction is in the superconducting state

(I1s]<1¢). In this case no voltage drop/f.=0) between the
2DEG and the superconducting electrode occurs so that the
zero-bias conductance {3s detected between the 2DEG and
1 0 1 121 the superconductor. The transport properties directly at the
0.22 : L TsGA) - Fermi energy are accessed. Although=0, the differential
1 Bi Cur‘:en A ! conductanceG, varies if the Josephson current is
1as tUA) changed. As can be seen in Fig(lawer inse}, G, has its
FIG. 2. (a) Differential conductancell/dV and voltage drop Maximum atls=0, while it decreases if the Josephson su-
between the upper normal electrode and the right-hand Nb electrodeercurrent is increased. &=0 the G, vs I curve is sym-
as a function of the junction bias currentB 0 for T=0.6 K. The  Mmetric.
lower inset shows a detail of the differential conductance curve. In  In what follows we will show that the dependence@j
the upper inset the calculated zero-bias conductance for a single @ | can be explained by interference effects in the spirit of
plotted as a function of the phase difference. the interferometer proposed by Nakano and Takayai?dgi.

a supercurrent flows through tis2DEG/S junction, a phase
rication of the superconducting electrodes of 8i2DEG/S  difference ¢ is built up between the superconducting elec-
junction a 100-nm thick Nb layer was deposited by electrortrodes. In Fig. 1b) the sinusoidal current-phase relation of an
beam evaporation. Prior to the deposition, the sample surfaddeal Josephson tunnel junction is depicted schematically. It
was cleaned by means of a He electron cyclotron resonands known that for the SNS weak link structures the current-
plasma sourcé' The geometry of the Nb electrodes was de-phase relation can deviate from this ideal beha%fdtow-
fined by the electron beam lithography and reactive ion etchever, from independent transport measurements on single
ing (SK;). The width of the Nb electrodes wA¥=6 um.  S/2DEG interfaces we could deduce that a potential barrier
The superconducting electrodes make contact to the 2DEG akists at the interfac® Numerical simulations of a
the sidewalls of the semiconductor mesa. The Nb layer had &2DEG/S junction showed that due to the barrier and the
critical temperature of 8.0 K. finite junction width the current-phase relation is well ap-

The Josephson current in tBDEG/S junction inducing  proximated by the sinusoidal dependence. Thus, the range of
the phase differenc@ is supplied by a dc current source ¢ is approximately given byy— w/2,7/2] if the supercurrent
[Fig. 1(@]. The conductance between the 2DEG and thds varied from—1. to +1., as illustrated in Fig. () (bold
right-hand Nb electrode was measured by using a lock-itine).

technique with an excitation curremf.=10 nA at a fre- From the values of the electron concentration and the mo-
quency of 173 Hz. All measurements were performed at &ility an elastic mean free path ¢f=5.3 um is deduced.
temperature of 0.6 K. This value is considerably larger than the separation of the

In order to study the interference effects between the norNb electrodes. It can thus be expected that the transport be-
mal conductor and the junction, we first have to find thetween the electrodes is close to the ballistic regime. In the
range ofS/2DEG/S junction bias current, where the junction interferometer proposed by Nakano and Takayafagbeam
is in the superconductive state. Only then, the voltage drop atplitter was employed to obtain two paths for the interfering
the S/2DEG interfaces is zero and a well-defined time-particles, which is not exactly the configuration of our
independent phase differende= ¢, — ¢, between both Nb sample. Our situation is better described by the ballistic
electrodes can be expected. Figur@lashed lingshows the model introduced by Schechtet al!? The basic features of
corresponding measurement of the dc voltage drop betweehis model can be understood in a simplified picture with
the 2DEG and the right-hand Nb electrode as a function obnly a single point of reflection at ea®2DEG interface.
the SI2DEG/S junction bias currenkg at zero magnetic field The transport mechanism consists of a series of normal and
(B=0). In between+ 1.1 uA zero voltage ¥4.=0) is mea-  Andreev reflections, as illustrated in Figcl The amplitude
sured at the interface. In this range the junction is in thefor Andreev reflection at the left and the right interface can
Josephson state, as confirmed by the measurement of the expressed byno;=ir,expl¢,) and ry,=ir,exple,),
critical currentl . of the S22DEG/S junction. If the junction  respectively, withr,=|r},¢, the absolute value of the An-
is in the resistive statey,. corresponds to about half the dreev reflection probabilit}? If we denote the amplitude for
value measured at the compl&@&DEG/S junction. a normal reflection of an electron or a hole hy, andry,

As can be seen in Fig. 2, the conductance between theespectively, withr..=r},, we arrive at the following ex-
2DEG and the superconducting electrodes depends on thgession for the total Andreev reflection amplitude from the
bias currentl s through theS/2DEG/S junction. Here, the upper normal contact to the superconducting electrodes at
transport properties are measured by driving a small ac cuizero bias:
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For a single channel the zero-bias conductaBgds given
by (4€%/h)|r,peg/s/?, Which results in

2

4e 2 COSp—2r2+]rof?
GO=Tr§(1+|ree|2 a*Ired

2 4
1-2rgcos¢p+ry,

2

In Fig. 2 (upper inset the calculated conductance ¥s is
shown exemplarily for2=0.1 and|r.4d?>=0.9. As can be
seen hereG, is an even function oty with a maximum at
¢=0. Of course, our calculation only illustrates the prin-
ciple mechanism leading to the phase dependenGgoThe
calculated curve and the experimental results are in qualita
tive agreement. However, the experimentally achieved
modulation ofG, is considerably smaller than the calculated FIG. 3. Differential conductance vs junction bias currenBat
one. We attribute this discrepancy to the simplified assump= g anq +50 uT. The temperature was 0.6 K. The inset shows
tions of our model. _ _ dI/dV as a function o8 and! . The conductance is represented by
A comparison with the more rigorous calculations by Na-5 gray scale.
kano and Takayanadiand by Schechteet al!? shows that
the major features that are predicted are confirmed in ou
measurement. The experimentally observed slow decrease
G, with increasing¢ is in close agreement to the corre-
sponding calculation for a ballistic beam splittetHowever,

the measured increase of the zero-bias conductance is cotr)1>-/ “ A and the current density is reversgig. 40)]. It
siderably lower than theoretically predict&dWe attribute was pointed out by Schechtet a2 that for junctions with

this to the fact that presumably the reflection at the mterfac%1 large electrode width, it can be expected that the relevant

are partially diffusive. Furthermore, although the separatior) rea for the interference effects is close to the normal elec
of the Nb electrodes is smaller than the elastic mean fre ; . i
rode (y~=W). The corresponding dependencies/giV) on

path, the widthW of the electrodes is comparable kp. are shown schematically in Fig(d) for different mag-
Thus, the overall transport takes place in the intermediat%z}'S tic field orientation AtDy—O zgr. h differen gnd
regime between the ballistic and diffusive regimes. etic nield onentations. =0, Z€ro phase difierence a

The local phase difference between the superconducting

electrodes of a junction can be controlled by applying a mag-a) y b) c) d)
netic field normal to the plane of the 2DEG. In order to study T oW

the effect on the quasiparticle interference, thédV—1g
characteristics were measured as a functioB.oAs can be
seen in Fig. Jinsed, the range where an enhanced differen- > <@
tial conductance is foung@ndicated by the lighter gray areas
shows a Fraunhofer-like pattern. This directly corresponds tc  /a i¥)
the regular Fraunhofer interference pattern ofltheB char-

acteristics(not shown herg indicating that the supercurrent Yoo T2 _ T_Ai, —o-tw //'
7 ' - =0 —//
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l()r)ifas current is appliedl{>0), the phase is shifted by a
constant valué\ ¢ leading to a corresponding current distri-
bution j(y) in forward direction[Fig. 4b)]. In contrast, if a
reverse bias current is applied, the phase difference is shifted

d(y=W)

distributionj(y) is homogeneous. AB=+0.11 mT, corre-
sponding to a single flux quantudn, penetrating the normal
region of the junction, thell/dV characteristics shows al- —_— —_ D<0
most no dependence dg. b

At finite magnetic fields the differential conductance is no r*} “"‘”"' o(y)
longer symmetric with respect to the junction bias current. i s J
ForB=+50 uT, the location of conductance maximuim- I=0 Is>0 Ig<0

d?cated by an arrow in Fig.)3s found at a'negative junption . FIG. 4. Schematic illustration of the current densjty) and
bias current, whereas at the reversed field the maximum IShase differencep(y) along a S’2DEG/S junction atd>0 for
found at the opposite side. The shift can be explained bYjitterent bias currentsta) 1,=0, (b) 1.>0, and(c) 1.<0. (d) II-

having a closer look on the phase differenfy) along the |;stration of p(y=W) as a function ofl for ®>0, ®=0, and
superconducting electrodes as a function of the magnetic flug <o. The gray circles represent the phasgatw for 1.<0, I,

& =BA within the 2DEG ared of the junction. In Fig. 4a), =0, andl >0 for ®>0. The black dots show at which bias cur-
the sinusoidal dependence jdfy) and the linear increase of rent polarity zero phase difference yat W is obtained ford >0,
¢(y) for ®<d, are depicted forl=0. If a forward &=0, and®<O0.

060502-3



RAPID COMMUNICATIONS

TH. SCHAPERS, R. P. MULER, AND A. KALUZA PHYSICAL REVIEW B 67, 06050ZR) (2003

thus a maximum ird1/dV, is found atl;=0. Whereas, at In conclusion, we have shown that the differential con-
®>0 the phase difference gt=W is shifted by 27(®/d) ductance between a normal conductor and superconducting
resulting in (W) =0 atl;<0. This is in agreement to the electrodes of &/2DEG/S junction is controlled by interfer-
experimental findings where the maximum is found at reence effects. The interference effects are due to the phase
verse bias currents. Analogously, fér<0, zero phase dif- difference imposed by a Josephson current. By applying an

ference is obtained at>0. external magnetic field, the interference can be modified.
In order to describe the influence of the magnetic field on

the interference in more detail the phase gradient along the Fruitful discussions with I. E. Batov, A. Brinkman, A. A.
junction electrodes and the flux encircled by the quasipartiGolubov, V. A. Guzenko, and M. Schechter are gratefully
cles have to be taken into accodftEspecially at larger acknowledged. The authors thank A. van der Hart for the
magnetic fields where the phase gradient along the junctioelectron beam lithography and H. Kertz for his excellent as-
is larger, it can be expected that the interference effects amstance during the measurements. This work was supported
averaged out. This explains the reduced conductance &ty the Deutsche ForschungsgemeinsclBffG) Contract

larger fields. No. SCHA 835 1-2.
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