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Coherent diffusive transport mediated by Andreev reflections atV=A/e in a mesoscopic
superconductor/semiconductor/superconductor junction
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We present experiments revealing a singularity in the coherent current across a superconductor/
semiconductor/superconduct@Sm$ junction at the bias voltage corresponding to the superconducting en-
ergy gapV=A/e. The SSmS structure consists of highly doped GaAs with superconducting electrodes of
aluminum configured as an interferometer. The phase-coherent component of the current is probed as the
amplitude of h/2e vs magnetic-field oscillations in the differential resistance of the interferometer.
[S0163-182807)50234-1

On the microscopic level the superconducting proximitythe accumulated phase difference will amount &
effect, by which a superconducting order parameter is in=2EL?#%D. For a phase shift of 2 this defines a charac-
duced in a normal conductoN{ in contact with a supercon- teristic correlation energf.=hD/2L2. A more rigorous
ductor (S), may be described in terms of Andreev reflectionsanalysis yieldsE,=#D/L? for the effective correlation en-
at theN-S boundary. In the dirty limit the decay length for ergy (also called the Thouless enefgwhich we shall use in
the order parameter in the normal conductor is giverty the rest of this paper.
= VAD/2wkgT (with £y>1), wherel is the mean-free path.  |n a system with a normal conductor connected to two
In a three-dimensional conductor with Fermi veloaitythe  syperconductors a strong dissipationless Josephson current
diffusion constant is given byp=1/2v¢l. However, even may flow between the superconductors if the distance be-
beyond¢y purely resistive corrections to the proximity effect yyeen the superconductors is smaller than or comparable to
may survive! &y. On a longer length scale the coupling will be too weak

In supercodndL:ctor—nqrme:;-m:atal—superc%nduggms to lock the condensate phases of the two superconductors
or  superconductor-semiconductor-superconduc{8iSms3 together, yet Andreev reflections with small excitation en-

structures with high transparency of the interfaces there is grgy differences between incoming and outgoing quasiparti-

high probability for multiple Andreev reflections, where the o -~

cles may still impose resistive but phase-coherent transport
retroreflected electrons and holes may traverse the norma . )

N a mesoscopic normal conductor. The ultimate length scale

region several times. In the differential resistance vs biad hich h eff Ve is the ph breaki
voltage curves this effect gives rise to a subharmonic energ§Ve" Which such efiects can survive is the phase-breaking

gap structurgSGS at dc bias voltage¥'= + 2A/ne, with diffusion lengthl ,, whic_:h may be consi_derabl)_/ longer than
n=1,2,3,..., which fom traversals is the condition for maxi- én- In many systems, is limited by the inelastic scattering
mum quasiparticle transfer through the normal redidn. length (;,) and hence in addition sets the cutoff length for
Multiple Andreev reflections rely on energy conservationthe SGS as shown in Ref. 4. During the last five years this
during the traversals of the normal conductor. This is clearlynesoscopic regime has generated increasing interest with
fulfilled in a ballistic system where in addition the phase ofémphasis on phase-coherent phenomena observed in normal
the traversing wave packet is practically unaltered. In a dif-conductors in contact with superconductors where a phase
fusive normal conductor theR energy difference between difference is imposed between two externally interconnected
the incoming and the reflected particle will give rise to asuperconducting electrod®st? In Refs. 8 and 9 measure-
phase difference in their wave functions. After diffusing anments on a flux-sensitive interferometer revealed the pres-
average lengti. in a conductor with diffusion constam, ence of quasiparticle interference at finite bias voltages in
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addition to the well-known dc Josephson effect in a super-
conducting quantum interference device SQUID. However,
in this case no SGS was observed and so far no experimental g < g
work on diffusive SNS structures has addressed the connec- <

tion between phase-coherent transport and the SGS.
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In this work we present observations of phase-coherent - .
transport at a dc voltage bid=A/e in addition to zero bias o '
in a diffusive SSMS magnetic-flux-sensitive interferometer. E 1!
We have measured the oscillationsdiW/d| as a function of 2 a
applied magnetic field for a range of dc bias voltages, and & 8
found clear peaks in the oscillation amplitude centered I o
aroundV=0 andV=A/e, while within the detection limit e i
of our setup no oscillations were observed at other voltages, ! L : " !
including V=2A/e. We would like to emphasize that our bl I
devices showed no supercurrent at temperatures down to 0.3 L . lum :
K. The effects studied here are therefore exclusively coher- 18um 18pm
ent transport phenomena due to quasiparticle interference in
the normal conductor. FIG. 1. Layout of the two types of interferometers used in the

Our samples consisted of a 200-nm heavily doped GaAsxperiment. Only the central parts of the devices are shown, i.e., the
(conduction channgllayer grown by molecular-beam epi- contracts are not shown. Only devices of type | showed oscillations.
taxy (MBE) on an insulating GaAs substrate. The GaAs is
cappedin situ (without breaking the vacuunwith 200 nm of the current is distinguished from the background current

Al, Thg in situ Al depos'“of‘ ensures a very smooth and by application of a magnetic field perpendicular to the split
clean interface. In order to increase the transparency of thl%op electrode, which imposes a phase difference between

AI/ GahAsGinterf_ace, fige&ﬂop:ld Iaylers W_T_Le. irr:cgr%oratf?d the superconducting condensates on the two sides of the slit.
Into the GaAs just under the Al cap layer. This had the effect, ;o Angreev reflections at the two sides of the split Al

of compensating the otherwise naturally formed SChOttkyelectrode the quasiparticles are phase shiftec-hy ,, the

barrier petween Al and GaAs. The mterface transparenc%hase of the superconducting condensate. If an electronlike
was estimated to b§§0.5. A 18um-wide Hall bar mesa quasiparticle in this way is reflected from both parts of the
pattern was etchgd in the AI/GaAs structure. The IOW'split Al electrode, it undergoes a phase shift given by the
t_emperﬁf?ure mobility of the.conduc'uvg GaAs Iayei WaS  phase differenceb,— ¢, across the slit. This phase shift is
_O'O%Ef’ /,\3{ s. The carrer density ~was ne=4.8  ,4ted by 2r for eachh/2e quantum of magnetic flux
X1 m™", corresponding to a mean-free path Igf-50 applied through the loop. The oscillations in ttig/dl as a

nm _a_nd a diffusion consta=0.016 n?/s. The Al film had function of magnetic field at zero dc voltage bias are shown
a critical temperature equal to the bulk vallig=1.2 K, and

a superconducting energy ga0.3 K)/e~ 167 uV, close to
the bulk valueA(0)=175 wV. The details of the sample 1.1 —— . — .
preparation are given in Ref. 14. The two sample lay@uts Y LR
and 1) shown in Fig. 1 are realized by pattern transfer using 1ok & ’ |
conventional electron-beam lithography followed by wet 5 1081 A
etching of the Al top layer. The geometry of our samples is Z 1061 .
similar to a dc SQUID, but no Josephson effect is observed. 109 oal vy ]
All samples investigatetboth type | and Il were cut from -200-100 0 100 200 300
the same wafer but processed individually. The phase- 108 B (WD) :
breaking diffusion length was determined independently
from the weak localization magnetoresistance of the GaAs.
At 0.3 K we foundl ,~2.8 um. ForL~1 um our samples
are therefore truly mesoscopic in the sense trak <l .
The theoretical value of the coherence length at 0.3 K is
&y=250 nm. Most of the measurements were carried out on
type-l samples. Here one of the superconducting Al elec- 105 ]
trodes is configured as an open superconducting Iatip
width ~1 wm). The superconducting counterelectrode is 104 —— ' ' . .
placed only 1um from the slit. This gives a correlation ) 12080 0y 80120
energy ofE.=%D/L?=10.4 eV, corresponding to a tem- agnetic Field (D)
perature oft./kg=0.12 K. Our measurements were carried  fig, 2. Differential resistance vs applied magnetic field mea-
out in a °*He cryostat with a base temperature of 0.3 K. syred at zero bias voltage. The maximum oscillation amplitude is
In the structure sketched in Fig. @ype-I samplg the  ~70R,e?/h. The inset shows a fast@-field sweep over a wider
transport of quasiparticles from the counterelectrode to th&inge, The oscillations die out at about 3@D, corresponding to an
slit electrode across thié region is probed as a function of area of roughlyA=®,/300 uT~2.5X2.5 um?. The measurement
the phase difference across the slit. The phase-coherent paras carried out at 0.3 K on a type-1 sample.
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DC Bias Voltage (LV) finite temperature in the two superconductors in our SSmS structure

for dc bias conditions corresponding to the first four multiple An-
FIG. 3. Top panel: Differential resistance vs magnetic field atdreev reflection processesi£1,2,3,4). The shading shows the

three dc bias voltages. Within our detection limit the=2A/e  states occupied by electrons. At the gap energy there is a disconti-
curve showed no oscillations. Bottom panel: The differential resisnuity in the density of states and a peak in the probability for An-
tance vs dc bias voltage at zero magnetic field, with indications ofireev reflection. For even, quasiparticle interference may be en-
bias positions where the oscillations shown in the top panel werganced(see text The quasiparticle trajectories are shown with an
measured. The peak centered aroe A/e consists of two  electronlike particle traversing the first path; however time-reversed
maxima denoted b1 andB2. In the top panel only the oscilla- trajectories are equally possibleot shown.
tions atB1 are shown. The measurements were taken for the same

device as in Fig. 2. The smaller amplitude of the oscillations is dug o4 peween the split electrode and the counter electrode.
to the extra noise added in the more complicated setup with a d&or these samples we anticipated seeing no quasi e e
) . . o . particle in
voltage bias. The fitted relative oscillation amplitude terf We i tigated t I ft I d
A(dVv/dl)/(dV/dl) (see textvs dc bias voltage is also shown. The erierence. We invesigated two sampies of type 1, an
error bar at the bottom right corner shows the estimated uncertaintgpund almost identicad V/dI V$ V characteristics to those .
of the fitting procedure. ognd for type—_l samp_les, byt indeed we obs.erved no osc!l—
lations of the differential resistance as a function of magnetic
in Fig. 2. The oscillation period iAB=12.9<107° T, cor-  field. We have investigated two samples of type I. Both
responding to ond/2e flux quantum through an effective showed similar results with well-pronounced oscillations in
area of~12.7x12.7um?, a factor of~3.2 larger than the dV/dl vs magnetic field.
nominal area shown in Fig. 1, but reasonable if one takes In Fig. 3 we present the main result of this paper. At zero
into account the flux focusing due to the expulsion of fluxbias and av=*A/e, =2A/e we observe clear dips in the
from the surrounding Al film(the Meissner effegt From  differential resistance as also reported previodsfyThis
symmetry consideration®f the envelope magnetic-field de- behavior is shown in the bottom panel of Fig. 3. The SGS
pendencewe found zero field to lie at a minimum in the gradually disappears as the temperature approaches 1.2 K,
oscillations(due to hysteresis in our superconducting solethe transition temperature of Al. This behavior is reported
noid zero applied field did not correspond to zero currenfpreviously for thedV/dl vs V dependence in a simple
through the coll. The maximum peak-to-peak oscillations geometry'* The +A/e dip corresponds to two traversals of
amplitude iSAR~70R3e?/h=0.3 ), with Ry=~10 Q. The  the normal region, first by an electronlike parti¢ter hole-
amplitude is very sensitive to perturbations. The oscillationlike particle and then by an Andreev retroreflected holelike
amplitude goes to zero when the ac excitation voltage exparticle (or electronlike particlg while the =2A/e dip cor-
ceeds 1-5wV. In all measurements we used an ac excitationresponds to a single traversal of the normal region with no
voltage so small that the oscillations amplitude did not de-Andreev reflection. At zero bias and ¥t=A/e we observe
pend on the ac voltage, and had room temperatufiters  well-pronounced oscillations idV/dl vs B, but no oscilla-
(20 dB loss at 600 kHzon all sample leads. tions atV=2A/e. This is shown in the top panel of Fig. 3.
For comparison we made samples with an alternative layThe bottom panel shows the correspondingdl! vsV cure,
out, shown as type Il in Fig. 1. These samples differed fromand the oscillation amplitude in a broad range of bias volt-
type-l samples in the sense that they had no common areeges. The latter curve was obtained by fitting a sine function
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to the data using a fixed field period and the relative ampliseen in Fig. 4. The SGS minima seen in the/dl vs V
tude as a fitting parametét.We see that the peak in the curves are usually accounted for by the opening and closing
amplitude atv=A/e really consists of two separate maxima of Andreev channels &f=2A/ne, where the peaks in the

at V=163 uV and atV=192 uV denoted, respectively, by density of states on both sides are involved in the transmis-
B1 andB2. This splitting is also observethlthough less ~sion process. As seen, tie=2 and then=4 are special in
clearly) in thedV/dI vs V characteristics, and is present for the sense that the singularity in the density of states coin-
all investigated samples with different layouts but only for €ides with a phase-correlated channel for an electron-hole
interelectrode distances1 um. This splitting of the peak at P&r- This phase correlation will only be maintained if the

V=A/e is not fully understood and is the subject of further Andreev reflection takes place withi, of the Fermi level
studies. on that particular side of the interferometer. In our experi-

The observation of a peak in the amplitude of the conduc-ment we observe for the first time separately this coherent

o ) . . “part of the transmission as a peak in the amplitude of the
teigf?ogzcgsfzs/gv:;h ;?;gg ect;cnﬂ;: Lhnrggf]s?otgg ;thggﬂ?g conductance oscillations as a function of magnetic field at

. ; ; V=2A/2e. We do not observe a similar peak\at=2A/4e

tive terms: At a given bias voltage the peak shows up as 8o.4.se here the sum of four traversals of the normal region
result of a simultaneous presence of coherence of apy.ceds the phase-breaking diffusion lenigghr 2.8 um (at
Andreev-reflected electron-hole pair moving across the semig 3 K) for our devices.

conductor region and a peak in the quasiparticle density of |, conclusion, we have made observations of quasiparticle
states at the other interface. This_ _is illustrated in _Fign4 ( interference at a dc voltage bi¥s=A/e (in addition to zero
=2) and corresponds to the condition for observation of thg)jaq in a diffusive SSmS magnetic-flux-sensitive interfer-
conductance peak at=Ale, i.e., one of the peaks in the ometer. We have measured the oscillationsdWdl as a
SGS. For a ballistic system the SGS was long’agmlained  fynction of applied magnetic field for a range of dc bias
as a result of multiple Andreev reflections. This model is St'"voltages and found clear peaks in the oscillation amplitude
roughly applicable for a diffusive normal conductor as in our cantered arountf=0 andV=A/e, while within our detec-

case? if_ one inc!udes a distinction between_ the energy-iion limit (of roughly 20 nf) on 10 in the present setyp
conserving diffusive transport across the semicondu¢t® 4 ogcillations were observed at other voltages including
well-known multiple Andreev reflection modeand trans-  _ 54 /e

port, which is furthermore enhanced by the coherence of the

Andreev-reflected electron-hole pair, when the energy of the We acknowledge useful discussions with Professor Ana-
electron and the hole differs by less than the correlation entoly Volkov and Professor Henrik Smith. This work was sup-
ergy Ec=#D/L? (=10 ueV for our samples Using the ported by the Danish Technical Research Council. We also
semiconductor representation we may draw the density ahank CNAST for support and the IlI-V Nanolab at the Niels
states versus energy diagrams¥br 2A/ne (n=1,2,3,4) as  Bohr Institute for providing us with processing facilities.
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