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We have experimentally obtained clear evidence of enhanced thermal noise in a ballistic
superconductor-normal metal-superconductor junction with an InGaAs-based two-dimensional
electron gag2DEG). The thermal noise was estimated from a comparison of measured current—
voltage characteristics with those obtained with an extended Ambegaokar and Halperin theory. As
a consequence, we have observed enhanced thermal noise that is much larger than that expected
with normal reservoirs. This enhanced thermal noise can be explained by a theory that considers
both the ballistic transport of the 2DEG and the thermal fluctuation in the coherent multiple Andreev
reflection regime. €005 American Institute of PhysidDOI: 10.1063/1.1897851

Current fluctuation is governed by both shot noise anchegligible. However, with the superconducting quantum
Johnson—Nyquist noiser thermal noisgafter all extrinsic  point contac SQPQ, the situation can be completely differ-
noise sources have been eliminateghot noise is caused by ent due to the presence of the Andreev bound states iN the
the discreteness of the charge in an electrical current. Wheregion between superconducting reservoitsn such a me-
the currentl is composed of independent shots, the shososcopic SNS structure, MAR constructs discrete bound
noise takes the well-known Poissonian foPw 2ql, whereP  states. At a finite temperature, the upper level can be ther-
is the noise power, amglis the effective charge transferred at mally populated giving rise to a reverse in the sign of the
each shot. The shot noise provides information on the corresupercurrent. This switching between positive and negative
lation between electrons obtained by determining the effeceurrent caused by thermal fluctuation leads to a huge in-
tive charge, which is not contained in the conductance. Durerease in the thermal noise. Therefore, the thermal noise also
ing the last decade, a considerable amount of theoretical angtovides information about the MAR process. In this letter,
experimental work has focused on the shot noise phenomenge report on the fabrication of a ballistic SNS junction with
in mesoscopic superconducting juncti&nﬁhis is because a two-dimensional electron gé8DEG) in an InGaAs-based
the shot noise, namely the effective charge, is strongly afneterostructur&-® This ballistic SNS junction shows clear
fected by the peculiar nature of the charge transfer mechavidence of enhanced thermal noise. Thermal noise has been
nisms arising from the presence of a Cooper pair condensatexperimentally estimated from a fit of current-voltad¥)

In superconductor-normal met@N) junctions, the charge is characteristics, according to an extension of the Ambegaokar
transferred by the Andreev reflectioAR) process. An elec- and Halperin theors'° The experimentally obtained tem-
tron with energ)E is retroreflected as a hole with energlf — perature dependence of thermal noise can be qualitatively
at the SN interface, and a Cooper pair enters the supercoexplained by a theoretical description that considers both the
ductor. Moreover, in SN—superconduc(&NS;unctions, the  bpallistic transport of the 2DEG and the thermal fluctuation in
current proceeds through multiple ARIAR).” Here, quasi- the coherent MAR regime.

particles travel back and forth between two superconductors, The InGaAs-based heterostructure was grown by metal-
repeatedly removing Cooper pairs from one side and addingrganic chemical vapor deposition on a semi-insulatir@y)
them to the other. When the coherence time is sufficientlinp substrate. The sheet carrier densigand mobility u of

long for the multiple reflections to be superposed coherentlyhe 2DEG at~0.35 K were found to be 2.0710% cm2

this elementary process can carry a greater charge than amd 129 000 cA1V s by Shubnikov-de Haas measurements.
ordinary quasiparticigelectron or holg As a consequence, These values correspond to a mean-free [fathi 3.05 um.
MAR leads to an increase in the effective charge, and thighe Nb electrodes were coupled by the 2DEG in a 10 nm
means we can expect “giant” shot noise. This shot noisgnick In,Ga, sAs channel layer. The critical temperatuFe
enhancement has been discussed theoretically and observgitthe Nb electrodes was about 8.5 K. The coupling letgth
experimentallf. In contrast, little attention has been paid to petween the two Nb electrodes was about Qub7. The
thermal noise in the transport properties of mesoscopic ShhGaAs channel widtiw was about 8.5um.

(including SN junctions. This is because it has been be-  Figure ¥a) shows thdV characteristics of the SNS junc-
lieved that the thermal noise of a conductor does not providgon at 0.36 K. A “superficial” critical current;. of about
any new information, since thermal noise is directly relateds ;A can be estimated from the current value at the corners
to conductances. Moreover, with a zero-bias voltage, the qf the |v characteristicg“real” critical current is discussed
current is a nondissipative Josephson current. One would N&elow). When a magnetic field is applied, trh*g follows a
ively expect that the th_ermal noise at temperatdresnaller  £r3unhofer pattern, as seen in Figb)L Here, the effective
than the superconducting energy gep(ksT<Ag) would be  ;er5.magnetic field becomes? Gauss due to the residual
magnetic field. The periodicity becomes about one order of
¥Electronic mail: akazaki@will.brl.ntt.co.jp magnitude smaller than that corresponding to one flux quan-
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6 166 FIG. 3. ThelV characteristics of the SNS junction measured at several
A 133 temperatures. The solid and lines are experimental and calculated data for
93.7 the low-voltage region below-10 V. The dimensionless parametegris
2 54.2 determined so that it fits the measur&tcurves.
<§L 14.7
) 249
g 644 ballistic transport in the 2DEG and sufficient transparency
3 ? : o between Nb and the 2DEG.
4 ®) 183 Next, we estimated the thermal fluctuation of our ballis-
% i ; ; tic SNS junction. We can quantitatively evaluate the effect of
6.0 65 70 75 80 thermal fluctuation on the SNS junction from a fit of thé
Magnetic field (gauss) characteristics, by using an extension of the Ambegaokar and

FIG. 1. (a) IV characteristics of the SNS junction at 0.36(K) The output Halperin theory inCIUding the additional term for phase-
voltage of the SNS junction as a functiorjl of the input current and mpagneticdeF)endent dISSIpatll\ée .Current’ namely the goerm, _prp-

field at 0.36 K. The voltage is represented on a gray scale. The medium grag0Sed by Falcet al.™ Figure 3 shows théV characteristics
area, which represents a supercurrent, is identical to the Fraunhofer patter@f the SNS junction measured at several temperatures. The
dashed lines are the results of a parameter fit of the data to
the theory in the low-voltage region below10 wV. Here,

the dimensionless parameterfilc/eksT,oise IS defined as a

fitting parameter, wheréc is the real critical current and

tum inside the junction area. This discrepancy is caused b
the flux enhancement resulting from the flux focusing within

. 1 . . N
this geometr)}. These features indicate that there is a .Jo-.l.noise is the “effective” noise temperature. By using both an

s_ephson_ current in this SNS junction. _Flgure 2 shows th‘?c of 5.5 uA and avy of 70 at the lowest temperature of

differential resistance as a function of bias voltagat 4 K. 0.36 K btain the best fit b h d and

We obtained resistance minima withii =2A¢/e as well as : , We can obtain the best fit between the measured an
S calculatedlV characteristics. In the low-temperature region,

dip structures negw|=2A¢/ne, with n=1 to 3 or 4. Here, we iv d : . it al h %
assumed the Nb superconducting energy depto be we can easily determink; since it aimost the same dg.
However, in the high-temperature region, it is hard to deter-

1.2 meV, which is somewhat lower than the typical value Ofminel due to the thermal noise. Therefore, the temperature
~1.5 meV. A normal resistandg of ~33 () is obtained in c ) ' P

dependence df: has been evaluated theoretically by fittin
i i c y by g
the voItage. region aboveAg. These dip structures are the hel: of 5.5 uA at 0.36 K to the calculated value. Since our
subharmonic energy-gap structures caused by the MA . ; . o

; ; ; . SNS junction can be considered to be balliftic<¢) and
These results provide clear evidence that our SNS junction

formed by 2DEG in an InGaAs-based heterostructure Oﬁerghort_[Lﬁéo, & Coherenc_e length=h ve/ mAg), ve: Fermi
velocity in the normal regioly the temperature dependence

of I was calculated from the following expression for a

34 B e Mnansanansas ballistic and short SNS junctiotf:*®
a 2 M
P o)< 8D T tanr( En(om) L
Z 30
z I(T) =maxl(¢,T) at eachT. (1b)
S 28
g Here, the energy level of the Andreev bound sttep, T) is
s % given byE (¢, T)=AgT[1-T, sin(¢/2)]1¥?, whereT, is the
b= transmission probability in the normal region aad(T) is
A o ' ’ . . . ‘ the superconducting energy gap. For our SNS junction, we

4 3 2 1 0 1 2 3y assume thatg(0) is 1.2 meV and that the temperature de-
Volta v pendenceAg is in accordance with the Bardeen—Cooper—
oltage (mV) Schrieffer theoryM is the number of transmission modes,

FIG. 2. The differential resistance of the SNS junction as a function ofWhICh_ IS g_lv_en by W/)\F' D\F: Fermi Wavelength_ Of_ZDEp
voltage at 4 K. The arrows indicate subharmonic energy-gap structures cof-Of Simplicity, we approximate that all transmission modes

responding approximately to integer fractions dfs2 are equivalent. Thd, of ~0.4 is given fromT,=Rg/Ry;,
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80 — T . rectly related to both the noise temperature and the
——Exp.

_____ B MartinRodero) .. conductance by the fluctuation dissipation theoléRgopc
6 L —T CoT Y =4ksToisd3. We use the estimatef, of ~0.4 as well aG
i ! \ =(2€¢?’/h) X T,. The calculated temperature dependence of
Thoise IS Shown by the dashed line in Fig. 4. The calculated
curve shows the exponential increase with increases in tem-
perature, which agrees qualitatively with the measured tem-
perature dependence Bf,ise Moreover, the maximum value
of Troise callS Much larger than that &f. The above indicates
that the experimental results are not explained by the thermal
noise with normal reservoirs but by the enhanced thermal
10 noise of the ballistic SNS junction. It should be noted that
the experimental curve shifts toward a lower temperature
than the calculated curve. The reason for this shift is not yet
FIG. 4. The temperature dependence of the noise temperature of the Sl\@ear' One pOSSIbIl!ty is that the electron_ temperature 'n the
junction. The open circles with the solid line indicate the experimentally 2DEG channel is higher than the reservoir temperature in the
obtained noise temperature from the comparison with an extension of th&'° We must undertake further experimental work to explain

Ambegaokar and Halperin theory. The dashed line represents the calculat¢ga experimental results quantitatively. However, the experi-
temperature dependence of the noise temperature according to the Marti]

Rodero theory. The dotted line represents the environment tempeTfature E'\]/Zrll)t/atlal){p&t::laelgek?y ?f?:al\;];ﬁ?n tggrdn;?(‘)l S]cgz?y can be qualita-
i i In conclusion, we have investigated the superconducting
[Ren Sharvin resistance of 2DE®g=(h/2e”)(Ae/2W)]. The properties of a ballistic SNS junction with a 2DEG in an
calculatedlc from Eq. (1) at 0.36 K was about one order of |nGaas-hased heterostructure. We have observed the Joseph-
magnitude larger than the estimated value of &% The  on current as well as the subharmonic energy-gap structures
reason for this discrepancy is not yet clear. One possibility i$.5,,sed by the MAR. Moreover, we experimentally estimated
that the effective number of transmission modes carrying the, o thermal noise by comparing measufedcharacteristics
supercurrent is smaller than the above-estimated number gfish those obtained with an extension of the Ambegaokar
M. As shown in Fig. 3, we determined the fitting parameter 4 Halperin theory. As a consequence, we have observed
using the evaluatetc. As a consequence, we can evaluategnnanced thermal noise. This enhanced thermal noise can be
the temperature dependencegf;s. from the evaluatedc explained by a theory that considers both the ballistic trans-

and . Figure 4 shows the temperature dependenc&gle ot of the 2DEG and the thermal fluctuation in the coherent
of the SNS junction. We found that,, iS larger than the E/IAR regime.
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