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We have found experimentally that the noise of ballistic electron transport in a superconductor/
semiconductor/superconductor junction is enhanced relative to the value given by the general relation,
S,=2elR? coth(eV/ 2kT), for two voltage regions in which this expression reduces to its thermal and shot noise
limits. The noise enhancement is explained by the presence of large charge quanta, with an effective charge
g*=(1+2A/eV)e, that generate a noise spectr@y=2q* IR?, as predicted by Averin and ImafPhys. Rev.

Lett. 76, 3814(1996]. These charge quanta result from multiple Andreev reflections at each junction interface,
which are also responsible for the subharmonic gap structure observed in the voltage dependence of the
junction’s conductance.

DOI: 10.1103/PhysRevB.71.020506 PACS nunt®er74.40+k, 74.45+c, 74.50+r

In the last few years there has been an increasing intereSIQPC(Ref. 6 was found in aluminum point contactsup-
in measuring shot noise since it can give a more completporting the idea that multiple Andreev reflections are respon-
picture of the physics involved in a system under study tharsible for dissipative charge transfer between superconduct-
that offered by conductance measurements aloHgbrid  ors. There have also been reports of shot noise in
superconductor/semiconductor/supercondu¢BiBEm/3 de-  semiconductor-based junctions being enhanced. For instance,
vices with few one-dimensional channels, referred to in thehe shot noise in a S/insulator/Sm junction has been found to
literature as superconducting quantum point contactpe twice the Poissonian noi8eand in a quasidiffusive
(SQPQ, provide an example of the potential usefulness ofS/Sm/S junction it has been shown that in the limit of inco-
shot noise in that regard. It has been predicted that in thesgerent multiple Andreev reflections, the shot noise is en-
devices the shot noise should be much larger than the Poigranced due to an increase in the electron temperature with
sonian noise5 =2el generated by electrons of chargeas if  respect to the lattice temperat§rélowever, to the best of
it were created by a large charge quantum of the order ofur knowledge, there has not been any evidence of large
2A/V (eV<A), whereA is the energy gap of the supercon- charge quanta in semiconductor-based junctions, probably
ducting electrodes an¥l is the applied voltage across the due to the very strict demands required for that observation,
device? namely, a large density of high-mobility electrons and a high

This large charge quantum can be seen as a consequergectron transparency of the Sm/S interfat®s.
of a phenomenofAndreev reflectiopnoccurring at the Sm/S We report here that by paying special attention to
interface when the energf, of a quasiparticle incident on materials and device optimization we have been able to
the interface from the semiconductor side, is inside the enebserve shot noise of large charge quanta in S/Sm/S junc-
ergy gap of the superconducting electrédénder this con-  tions. To this effect, we have used a hybrid device that con-
dition, the quasiparticlée.g., an electroncannot enter the sisted of a two-dimensional electron g@sDEG) defined by
superconductor and cannot be reflected from the interfacenodulation doping in an Ws{Gay 4As/INg 7/Gay 2As/ INP
(assuming an interface with zero potential hejghence, the heterostructuré! The 2-DEG was bound laterally by two Nb
only possibility is for the quasiparticle to annihilate, with the contacts(3 um wide) separated by a distande, of 0.4 pm.
production of a retroreflected hole of energdly in the semi-  The 2-DEG mobility and carrier density, measured at 4.2 K,
conductor side and a Cooper pair on the superconductor sidgere 3.5< 10° cm?/V's and 6.6< 10* cmi?, respectively.
(exactly the inverse occurs if a hole hits the interface As a consequence, the electronic mean free patimd co-

In a SQPC with a bia¥ across its electrodes, a quasipar-herence length¢ (at 1.2 K), were 4.6 and 0.¢um, respec-
ticle coming from one of the electrodes generates a chain afvely. Sincel andé¢ are larger tha., the electronic transport
2A/eV(eV<2A) Andreev reflections, each pair of which in our device is ballistic and the probability of sustaining
transfers a charge e2across the junction, until the last multiple Andreev reflection$MARS) is high, provided that
Andreev-reflected particle is injected into a quasiparticlethe interface has very good transpareHt¥his condition
level in the opposite superconductor electrode. As a consavas favored by confining the 2-DEG within the
guence, this chain process transfers a net large charge qudng ;/Gay»sAs layer, which itself presents a zero Schottky
tum g* = (1+2A/eV)e, whose shot noise has been predictedbarrier at the lateral metal/semiconductor interfaéds. ad-
by Averin and Imam to b&,=2q* IR? [Ref. 2. dition, the Nb electrodes were deposited with an ion beam

Shot-noise enhancement and an indication of large charggeposition system that allowed situ cleaning of the semi-
quanta have been found experimentally in S/insulator/S tuneonductor lateral wall prior to the metal evaporation; this
nel junctiong and in S/normal metal/S junctiofsEurther-  process has proven to be crucial for a good transparency of
more, quantitative confirmation of the theory of shot noise inthe Nb/2-DEG interfacé?
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The current-biased noise measurement setup was base

on a commercialQuantum Designsuperconducting quan- 2

tum interference devicéSQUID). The voltage fluctuations 008 5, ' T
across the sa_mple were converted by the sensor resisto 0060 E» =
Rsenso=1004), into current fluctuations that were measured 1= ]
by the SQUID. Ultimately, the SQUID proportionally trans- 004l o

formed the current circulating through its input coil into a 1 0 10 20 30 40 50 60 70

voltage with a maximum gain of 4 10° VV/A. Analogously, 0.02 { 1 (uA) %

in order to measure the current-voltage curves, a known dg
current was injected to the sample, and the voltage dropE 090~ T
across it was measured by the SQUID after conversion tc™ "\ //4 |

current byRensors* The junction resistancéV/dl was mea- U | 7 |
sured directly by injecting into the current leads a small ac o4 A A \_l?zjK
signal of 3 nA and~9 Hz through a transformer and detect- I ,// =1 ]

ing the ac response across the sample with a lock-in ampli-  -0.06

fier, after amplification by the SQUID electronics. The cur- =
rent leads were of the twin BNC-type, filtered at the end  -0.08 ==— =— = ==t —— = = = ¢
close to the sample with aRC filter with cutoff frequency ’ ' ' Ry (rﬁV) ' ' ’ '

close to 10 Hz. The filter, the sampl®), Rsnsor and the

SQUID were placed close to each other, shielded with alead £ 1 cyrrent-voltage curves for the device described in detail
casing, and inside a liquid-helium cryostat that could be e text measured at several temperatures. InsetdVhel vs V
pumped down to 1.2 K. To reduce extrinsic noise during theye measured at 1.2 K corresponding to a sweep down of the

measurements, the power supplies for the current SOUrGgrent. The arrows in the inset point at the currét voltage
(voltage source followed by a large current limiting resistor regions selected for noise measurements.

and voltmeter(used to read a voltage proportional to the dc

curren) were battery powered. For the same reason, the cryesistance region at the origin, followed by the onset of finite

ostat and measurement devices were placed inside an fesistance when the current exceeds the critical current

shielded room. .~ 17 uwA. With increasing current the resistance varies and
We found that the measured noise was frequency indepef§Ven shows some structure, as iIIustra_ted in the_inset of Fig.

dent in the approximate range of 1-10 kHz, but increased at- he current difference, measured in the region of large

higher frequencies due to the effect of the SQUID’s inputvoltages, between the CVC with a superconducting state and

coil impedance. The background noise of 1.3 pA¥Riat the CVC with only a normal state is the so-called excess
1.2 K, measured directly with the sample in the sero-current; its presence in the low-temperature characteristics of
resistance state, was current independsted for samples Fig. 1is a clear mdmgtlon of the existence of Andreev re-
: s flections in our devicé
with critical currents up to 0.1 mAfor temperatures below
the critical temperature, as well as at 4.2 K, with the sample
in the normal state. The background noise measured at 2.6
. ; : 35 : : 10 -
(with the sample in the zero-resistance statas the same as \

that measured at 4.2 K, which showed that the backgrounc I o
noise was not dependent on the load resistance, as was e 3p C |A_0 v v|
pected since the sample resistant® ()) was much smaller i 8 —>1me

than Rsensor IN addition, we estimate that no significant cur-

rent noise(calculated to be 0.02 pA/HZ at the sample after & 251 7

the coldRC filters) was externally injected through the cur- I 5 B0 @5 80" 85 160 105" 1o

rent leads by the current source. Furthermore, the therma% - WV, (1/mv)

current noise of the 10k resistors that are part of the cold

RC filters are not taken into account since these large resis I 1

tors are effectively shunted by the samptel0 Q). Finally, 15 L /\/@ 4

the background noise at 4.2 K was of 1.6 pAHzslightly

temperature dependent in the range of 1.2—4.2 K reflectinc

the temperature dependence of the SQUID’s internal noise. 10
The results summarized in Figs. 1 and 2 provide evidence

that in our system Andreev reflection processes are domi-

hant, namely, the presence of excess curtégt) and of FIG. 2. Dependence of resistance on voltage in region 1 of the
subharmonic gap structure in the transport characteristicaset in Fig. 1, measured at 1.2 K, for a downward sweep of the
The current-voltage curve€VC) in Fig. 1 show a drastic current-voltage curve. We attribute the resistance oscillations to
change with temperature, most notably from 4.2 to 2.6 Ksubharmonic gap structure, from which we can determine the en-
While at 4.2 K the current is almost linear with voltage, as itergy gapA, as shown in the insetSee the text for the method used
corresponds to a “normal” metéabith resistancdy=13 (), to find A.) The labels above the maxima of the oscillations denote
at 2.6 K and below there appears a superconducting zerthe corresponding number of Andreev reflectioms,

dl (
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The differential resistancelV/dl, measured as a function V(mv)

of voltage in the region near the superconducting-normal ., 009 010 ~ 011 012 014
transition (region 1 in the inset of Fig.)lexhibits oscilla- ' ' '
tions, known in the literature as subharmonic gap structure
(SG9, which are a consequence of multiple Andreev
reflectionst>'® The maxima of the oscillations appear at
voltages V,=2A/ne, wheren is an integer which corre- ¥
sponds to the number of Andreev reflections at the Sm/Sg
interface, andA is the superconducting energy gap of the g
electrodes. By finding the slope in a plot ofvs 1/, (see 2
inset of Fig. 2, we have obtained=0.51 meV. The volt- &~
ages of additional maxima in the device resistance, namely

~

60 - .

40 _

V=0.6 mV (corresponding to the peak &t60 uA in the \

inset of Fig. 2 and V=1.0 mV (not shown, correspond, o PN PSP ot
SEl . - . 10 | /-\—-__‘_\—“-:

within experimental error, to th@=2 andn=1 elements, L\ 1

respectively, in the/,,=2A/ne series. Since each pair of An- 5 ity s e T 1 v (SRR SR M

dreev reflections in a MAR chain involves the transfer of a 20 21 22 23 24

Cooper pair(of charge 2) across the junction, we can ex- I (uA)

press the average transferred chagjeas a function oV as

g* =(1+2A/eVe. FIG. 3. Dependence of noise on voltage for regiofsée the

At this point, several remarks are in place. First, the valudnset in Fig. 3, measured at 1.2 K, corresponding to a downward
of A determined from the SGS is considerably lower than thesweep of the current in the hysteretic current-voltage curve. The
value of ~1.5 meV found in the literature for bulk Nb. Al- thick solid line is the experimental curve, while the dashed and thin
though we do not have an explanation for this effect, we not&olid lines correspond to plots using Ed) and Eq.(2), respec-
that reduced values af have also been found in previous tively. The value ofA=0.51 meV used in Eq2) was found from
works?7 in addition, the productl.Ry=0.22 meV is compa- the subharmonic gap structufsee text and Fig.)2

rable to the values we have found in similar junctions and N . .
smaller tham\ as expected for this kind of devic¥sSecond, and 4 is significantly larger than that predicted theoretically

the superconducting state of the device occurred at a ten{glashed linessfor the tvyo limits of Eq.(1), Wlth.enhance-
perature(<4 K) well below the critical temperatur@.5 K) ment fa_ctors of approximately 6 and 3, for regions 1 and 2,
of the Nb electrodes by themselvémeasured indepen- resp_ectlvely. . . .

dently), which indicates the absence of electrical shorts in the S'”C? our device unamb|_guously presents the signatures
semiconductor region between the electrodes. This was 00|9—f mulltlple Andreev reflections, as described above,. we
firmed by inspecting the junction under a scanning electroﬁw’we mtgrpreted th*e enhanqeq noise as the shot noise of
microscope and by performing an x-ray material analysis of" eff_ectlve charg_eq ’ along similar lines to those followed

the interelectrode regiolf.On the other hand, we observed in_ Sfinsulator/S junction$. In Eq. (1) we then replace
that the critical current was approximately constant for mag- vV (mv)
netic fields up to 1 mTmaximum attainable in our setyp 0.52 0.54 0.62 0.65 0.68 0.70
and did not reveal any of the Fraunhofer-diffraction-like fea- 400 — : :
tures expected for homogeneous transport across the whol
width of the device® We believe that the cleaning procedure
used may have created an interface with a largely inhomo- 300
geneous transparency that translates into an inhomogeneol —

. . . . N
distribution of conduction channels of small area. Our struc- 250 I

350

ture approaches then the SQPC regime and it therefore seen~ 200 |- J
justified to interpret our experimental results in the light of ‘o 1
the theory described in Ref. 2. s
. . ] I 1

The voltage noise measured as a function of current is ™~ 1gg L _
shown in Figs. 3 and 4, for the two regions of current labeled - 8 :
1 and 2 in the inset of Fig. 1 and measured at 1.2 Kand ate 90 BTN —
frequency of 3 kHz. Regions 1 and 2 in that inset correspond Y e L Bl Bttt e - -
to the thermal and shot-noise limits, respectively, of the well-
established general relation for the dependence of noi&& on -50 — : :
o temperzgtu?é P 58 59 60 o 61 62 63

S, = 2elRcoth(eVI2kT), (1)

. . FIG. 4. Dependence of noise on voltage for regiotwizh the

in which the crossover from thermé, = 4kTIR?/V) to shot  same considerations as for Fig. B/e observe that Eq2), with the
noise(S,=2elR?) occurs at aroun@V=2kT (see Ref. 22 In measured value of, reproduces satisfactorily the measured curve
both regions, the measured noigieick solid lines in Figs. 3  without the need of any fitting parameter.
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the electron chargeg, by the average transferred charge S/Sm/S junctions with hot carriers injected through separate
g* = (1+2A/eV)e. After this substitution and using the value electrodes. Since the supercurrent in a multiterminal S/Sm/S
of A=0.51 meV mentioned above, the c@hV/2kT) factor  junction can be controlled by the injection of hot carriét,
becomes approximately one for the two currét voltage is reasonable to speculate that the electronic noise might be
ranges considered here. Consequently, the measured noisfected as well, maybe reflecting a new effective electronic

can be approximated by the expression temperature induced by the hot injection.
— o % | P2 In conclusion, we have measured electron noise in a bal-
S/=29* IR?, @ . . : :
_ listic superconductor/semiconductor/superconductor junc-
where the effective charge depends on voltage. tion, and found it to be enhanced with respect to the value

To test this analysis, we have plotted in Figs. 3 arfthih given by the general relatior§,=2elRcoth(eV/2kT), for
solid lineg, the dependence of voltage noise on current caltwo voltage regions in which this expression reverts to its
culated using Eq(2). As shown there, the agreement with thermal and shot noise limits. Additionally, we have found
the measured values is very good throughout both regionshat we can explain the measured noise if we consider it as
and justifies our explanation of noise in terms of an effectivethe shot noiseS,=2q* IR?, of an effective charge* = (1
charge different from the electron charge. ~ +2A/eVje, as predicted by theoR.These large charge
~ The observation of enhanced shot noise in a S/Sm/S jungyuanta result from the multiple Andreev reflection process
tion due to large charge quanta opens the door to the study gésponsible for the subharmonic gap structure that we have

shot noise in other configurations in which Andreev reflec-gpserved in thelV/dl vs V curve, and from which we have
tions remain the main mechanism for electronic transportgetermined the value af used in the expression fay.

For instance, by adding a split gate to the configuration stud-

ied here, it would be possible to electrostatically tune in a We would like to thank Professor Richard Gambino and
continuous way the number of conduction channels and sys2rofessor James Lukens from Stony Brook University for
tematically test the predictions for shot noise in S/Normal/Setting us use their laboratory facilities in the course of this
junctions, from the single mode to the multimode regfie. work. This investigation has been sponsored by the National
It would also be interesting to measure the shot noise ofcience Foundation under Grant No. DMR-0305384.
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