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Correlated quantization of supercurrent and conductance in a superconducting
guantum point contact
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We have measured the supercurrent and conductance of a superconducting quantum point contact in a
superconductor two-dimensional electron gas-superconductor Josephson junction. We observe that the super-
current and conductance change stepwise in a correlated manner as a function of the gate voltage. This was
achieved by simultaneous measurement of the supercurrent and conductance at high bias from the same current
voltage characteristic.
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[. INTRODUCTION supercurrent and the conductance of the SQPC. The ampli-
tude of the critical current steps is in agreement with theo-
In analogy with the quantized conductance of a normatetical estimations, even though for small valuesl @fthe
conducting quantum point conta@PO*? a quantization of  critical current step height is reduced by thermal fluctuations.
the supercurrent is expected to be observable in a supercon-
ducting quantum point conta¢6QPQ.3~’ This results from
the quantization of the transverse momentum of the quasi-
particles in the QPC constriction with a width of the order of |t is well known that the critical supercurreht of a clas-
the Fermi wavelengtinr. The number of transport modes is sjcal Josephson point contact is directly related to its conduc-
given by 2V /g, whereW is the constriction width. Each  tanceG and is given byrGA,/e1° whereA, is the energy
transport mode contributes one quantized conductance unjap of the superconductor. The same holds for a SQPC. The

AG,=2¢€?/h to the total conductance and one quantized suconductance of a QPC is given by the well known Landauer
percurrent unitl -y to the critical current of the SQPC. Here Bijttiker formuldl12

e is the electron charge arfd the Planck constant. In the
limit of a short junction where the length of the junctibris o2 N
much smaller than the superconducting coherence lefgth G= TE T, (1)
stepwise change of the supercurrent and conductance was n=1
observed in a mechanically controllable break juncfion.
The first indication of the critical current quantization in
the limit of a long junctionL = &,, was obtained in Ref. 9 for
a ballistic superconductor two-dimensional electron gas
superconductorS-2DEG-3 Josephson junction. Here the
constriction in the 2DEG was created by applying a voltag
to the split gate. A stepwise change of the critical curignt

II. THEORY

whereN=2Wg/\¢ is the maximum number of the 1D trans-
port modes in the quantum point contact am& N is the
index for each transport mode. The transmission coefficient
for the nth transport mode is given by,,. The transmission
é)robabilityTn depends on the form of the potential barrier at
the constriction. In the adiabatic case it can be approximated

and the conductanc& could be observed by varying the 2Y Vy(0)=Vo—m'wx?/2, and the transmission coefficient
gate voltage of the split gate. Surprisingly the position of thefakes the form
critical current step was different from that of the corre-

sponding conductance step. The present theory predicts an T,= Dn , 2)
agreement between the position of the conductance and su- 1 +ex;<— ZWEF_ En_VO)
percurrent steps. hawy

In this paper we present new experimental data for a
SQPC in a S-2DEG-S Josephson junction. We measured thvéhere E¢ is the Fermi energy an&, are the 1D sublevel
current voltage characteristi¢tvVC) for different gate volt- ~ energies in the transverse potentigly) at the saddle point
agesVy. This way we were able to determine simultaneouslyof the constrictionD,, takes the scattering at impurities into
the critical current and conductance along the same IVCaccount. 1k, describes the “sharpness” of the steps. From
Unlike the previous workin which a correlation between the Eg.(2) for an open channel it follows tha},=D,,. In the case
conductance and the critical current was not observed, owf ballistic electron transport in the quantum point contact all
data show that the critical current and conductance steps afransport modes with<N are completely oper,,=1. Each
pear at the same gate voltages. In addition we observe thapen transport mode contributes the quantized conductance
onset of the first transport mode contributing both to theAG,=2€?/h to the total conductance,
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2¢? (@) ()
G= N? =NAG;. (3 _—
According to Eq.(3) the conductance changes stepwise gate
with step heightAG, as a function of the width of the con- — hEd
striction as the maximum number of transport modes | 8" o] qierade
:_zwg/xF, which is an integer, depends on the constriction ~TnAs (2DEG) | e j w e
width. One has to point out that the conductance quantun InGaAs electrode | W, || electrode
AG, does not depend on the geometry of the conductor. InAlAS
First we assume an ideal interface between the superco e INAIAS
ductor and the normal conductor, i.e., there is no potential InATAS
barrier at the interface. In accordance with Ref. 13 we will InP substralo
use the factoZ to describe the barrier strength.is related

to the transmission probability, of the interface barrier by
D,=1/(1+Z?). In the case of a short SQPE,>L) andZ L

=0 the supercurrent is given by FIG. 1. (a) Cross sectional view of the superconducting quan-

2€? A, A tum point contact(SQPQ. The carrier concentratiomg in the
lc= NTT =G (4)  2DEG can be varied by applying a voltage to the gate electrtile.
Top view of the SQPC. The width of the samplé/is=10 um, the
All N transport modes carry the quantized supercurrenlpngthL:400 nm, and the width between the two gate electrodes is
Aly=eA,/% which does not depend on the junction geom-Wy=100 nm.
etry. As for the conductance the supercurrent changes step-
wise as a function of the width of the constriction. have the universal valuee2’h and the conductance as a
In the opposite case of a long ballistic SQAC= &) the  function of the constriction width will have step heights, de-
Josephson current flows via many bound states and the quapending on the random transmission probabilities The
tization of the supercurrent is not anymore universal but deeffect of reduced Andreev probability will be a reduction of
pends on junction parametér§he ratioL/ &, gives roughly  the supercurrent through the constriction and consequently a
the number of Andreev bound states within the energy gapeduction of the quantization of the supercurr&itccord-
A, which carry the Josephson currérin this case and as- ing to Ref. 7 the supercurrent step height in the presence of
suming no barrier potential at the interfa@=0), the super- scattering is given by
current is quantized in units @ (ry+7%/A,).5 Here ry is the

time of flight a quasiparticle requires to traverse the normal Algy=—-, (6)
region of lengthL. During the time#f/A, an electron wave AmT
packet is Andreev reflected into a hole wave packet. For g
completely open transport mode the travel time can be ap-
proximated byr,=L/vg and the supercurrent quantization h 2

. & T=—+7| —-1/. (7)
saturates at the nonuniversal value A D

0 n
EvE
Algg=———. (5)
O + 7, IIl. SAMPLE

In contrast to the supercurrent quantization in the short The schematic cross section and the top view of the
junction limit (§>L) [Eq. (4)], the supercurrent quantiza- sample is shown in Fig. 1. The 2DEG is localizedai 4 nm
tion in the long junction limit(L= ¢;) depends both on the thick InAs layer inserted in an §yAlg 4gAS/INg 545Gy 4AS
Fermi velocityvg and the junction length. of the normal  heterostructure grown by molecular beam epitaxy on a Fe
conducting region. doped semi-insulating InP substrate. The two 100 nm thick

A finite barrier potential at the interface between the su-Nb electrodes, which are coupled to the 2DEG, were defined
perconductor and normal conduci{@>0) and a Fermi ve- by the lift off process and electron beam lithography. InAs
locity mismatch will further decrease the probability of An- was used as it does not form a Schottky barrier at the inter-
dreev reflection and increase the probability of normalface to the niobium electrodes which does GaAs. Details of
reflection?® This will influence both the conductance and thethe fabrication process are reported elsewhérghe dis-
supercurrent quantization. In the case of the conductance,tance between the Nb electroded 400 nm and the total
quasiparticle which traveled through the constriction will width of the junction isW=10 um. Shubnikov-de Haas
have a finite probability to be reflected at the normalmeasurementofthe 2DEG at 4.2 K on similar samples give
conductor/superconductor interface and backscattereithe sheet carrier concentratiog=2.3x 10*? cm?, the mo-
through the constriction in the opposite direction. This re-bility «=1.11x10° cn?/V's and the effective massn’
sults in a transmission probabilif, in Eq. (1) smaller than  =0.045m,, wherem, is the free electron mass. This results in
1 even if the transport through the constriction itself is purelya Fermi velocityvg=+27A°ng/m?2=9.8x 10° m/s and elas-
ballistic. Consequently the conductance quantization will notic scattering timer=um’/e=2.84x 1071?s, wheree is the
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electron charge. From these values the mean free path
=vp7=2.8 um and the normal coherence length in the clean
limit éy=rAve/27kgT=0.28 um at 4.2 K are calculated. The
Fermi wavelength isg=+27/ng=16.5 nm.

The length of the Al split gate is 100 nm and the distance
between the two gate electrodedNg=100 nm. By applying
a gate voltag&/y=-1V the 2DEG under the gate electrodes
is depleted. In this case the current is flowing only within the
constriction between the two gate electrodes. Going to morez
negative gate voltage¥y<-1V will further deplete the £
2DEG within the constriction, reducing the width of the con- —
strictionW,. Finally, at gate voltage¥;<-2.1 V, the 2DEG
within the constriction is completely pinched off.

The Nb electrodes have a superconducting transition tem
perature of abau6 K which results in an energy gafy
=0.9 meV. This gives us for the superconducting coherence
length in the 2DEG{y=hve/ mA;=230 nm wherev is the

Fermi velocity in the 2DEG. Therefore the junction is in the ol w0
ballistic (I>L) and long junctionlL = &) regime and in the 200 -150 -100 50 O 50 100 150 200
clean limit (&y<I).

At a temperature of 25 mK and at zero gate voltage the V(uv)

junction under investigation has a critical currehg,

=8.5 uA and a normal state resistanBg=38 Q). FIG. 2. Measured current voltage characteristiBsC) at T

=25 mK for different gate voltages. In the inset the arrows indicate
IV. MEASUREMENTS the onset of the positivé. and negativel; critical current at

The measurements were performed et dilution Vgate=—1.978 V which is carried by the first open transport mode.

refrigerator with a base temperature of 15 mK. To protect the From the measured IVCs we extracted the critical current
sample from external noise and o4 K photons, the elec- and the conductance. The critical current was determined by
trical lines to the sample in the cryostat are well filtered. Atusing a threshold voltage of @V. This still allows us to
the 1 K pot, a home-built RCL filté? with a cutoff fre-  extract a critical current from the IVC for gate voltagég
quency of 100 MHz is installed. At the mixing chamber a <-1.8 V (see the inset of Fig.)2From the same IVC the
combination of two meters Thermocdé&yplus a home-built  conductance is obtained by fitting the resistive branch in the
copper-powder filter is installed with a cutoff frequency of 1 voltage range between 1Q0V and 150wV. In this voltage
GHz. Magnetic shielding of the sample is provided by tworange the IVC is linear and does not show any structure.
Cryoperm shields inside the cryostat and anrenetal shield Here we have to point out that the conductance extracted for
outside the cryostat. voltages smaller than&” e might be enhanced by Andreev

In order to analyze the gate voltage dependence of theeflection? For voltages larger thanA2 e, where the conduc-
conductance and critical current of the SQPC, we measuret@dnce is not affected by Andreev reflection, the measured
the current voltage characteristi€B/C) at different gate conductance does not show any step structure as a function
voltages. This allows us a simultaneous determination of thef gate voltage. Instead it shows only a linear dependence
critical currentl and conductanc&,c from the same IVC. which was also observed in Ref. 9. We attribute this effect to
In a second measurement rithe sample was warmed up heating of the 2DEG at high bias voltages, which smears out
and cooled down again in order to remove the magnetithe step structure of the conductance as a function of the gate
shieldg, we measured the differential zero bias conductanceoltage.
G, With an applied magnetic field to suppress the critical The averaged critical current and conductance values,
current, as was done in Ref. 9. which were extracted from 50 IVCs at each gate voltage, are

The current voltage characteristics of the SQPC were reshown in Fig. 3 in the gate voltage range -2.XVj
corded using a standard four point measurement techniquez—1.4 V. For comparison, also, the differential zero bias
For each gate voltage we recorded 50 IVCs. The IVC forconductanc&,is shown in Fig. 8) with an added offset of
three different gate voltages @25 mK are shown in Fig. 2e?/h for clarity. G,. was measured at a magnetic field of
2. For increasing absolute value of the gate voltbg,éthe 200 mT to suppress any contribution of Andreev reflection to
supercurrent is decreasing. For gate voltaggs:-1.8 V,  the conductance. The differential conductance was measured
the supercurrent branch in the current voltage characterisiasith an AC excitation current,=10 nA. To check for non-
shows a finite resistance as shown in the inset of Fig. 2. ThiBnearities possibly due to a residual Josephson current or
can be attributed to thermal smearing of the current voltagéndreev reflection in the current voltage characteristics at a
characteristi¢/ as the Josephson enerBy/kg=1-®,/27kg  magnetic field of 200 mT we varied the AC excitation cur-
in this gate voltage range is of the order of the bath temperarent from 5 nA to 50 nA which results in a voltage drop
ture. Here®y=h/2e is the superconducting flux quantum across the junction from 9QV to 900uV at Vg
andkg the Boltzmann constant. =-1.98 V and from 11uV to 110V at V4=-1.2 V. No
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(a) s — TABLE I. Fitting parameters for the conductan@Gg,c and criti-
= F n=1 2 —_ cal currentl¢ (see the tejt
S 5 z
S 4l = Channel 1 2 3 4 5 6
[&] c
[= [ (3]
g 3F = D, 0.80 0.95 0.70 0.50 1.00 0.70
=] 2 (]
g 2of g 3 2= 10 10 15 15 15 40
o | 7 = Ly

1 kel o 5 Keorr 1.00 098 1.03 1.00 1.00 1.00
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the correlation between the critical current and the conduc-
tance. Only at the gate voltagé,=—1.725V where the
fourth step is expected, no step is seen in the conductance
and supercurrent dataee Fig. 3. In particular one can see
that as soon as the fireh=1) transport mode contributes to
the first conductance step at a gate voltage—-2.02 V it
also contributes to the first critical current step with a step
heightAl-=0.5 nA[see Fig. &)]. The current voltage char-
acteristic forVy=-1.978 V, corresponding to the first open
channel is shown in the inset of Fig. 2. We can rule out that
the extracted critical current for the first stép=1) is only

due to the choice of the threshold voltage=3 nV and the
conductance. The contribution of the threshold voltage to the
Gyvc (full symbolg extracted from the current-voltage characteris- eXtrathd C”“Fa! current I1=GV,~160 pA for the first

; . _ . step(n=1). This is about 32% of the total extracted current.
tics as a function of the gate voltagg at T=25 mK. The solid Il oth h buti f the threshold vol

lines are fit(for details see the textThe mode number is indicated For all other step_st e contri .utlon of the threshold voltage to
by ann. The upper curve is the differential zero bias conductancethe extracted critical current is less than 10%.

G,. measured at 200 mT which has been shifted &/ for clar-

ity. (b) A closeup of the critical currentz (open symbols and

c)cl)nductancé;,vcp()full symbols extracted fcrompthe Ct)J/rrent-voItage V. DISCUSSION

characteristics. Solid lines are fifor details see the text Following Chtchelkatchév(or Shchelkacheyy we fitted

difference within the measurement accuracy between the dnt_hedcgnd%citanl%avcbelxtralcted frqm the IVC usmg'ch(isEl)
ferential conductances as a function of the gate voltage fof" (2). i 1D sublevel energies are parametrized=as
the different excitation currents was observed. Herewith we (EF~VoIn*/ (Kekeon)”. kg is the parameter that controls the
can rule out any influence of Andreev reflection on the mea®Pening of the channels and is assumed to depend linearly on
sured zero bias conductance. the gate voltage. The correction factqy,, is introduced to

In Fig. 3 one can clearly see that both the conductanc@&djust for a shift of the onset of the steps in relation to the
Gy and the critical currente extracted from the IVC and 9ate voltage. The fitting parametei, keor and —2m(Ee
the differential zero bias conductan@g, change stepwise as ~Vo)/fiwy are shown in Table I. Using this set of fitting
a function of the gate voltagé,. The difference in the step parameters extracted from the conductance, we also fitted the
structure between the conductan@g. extracted from the supercurrent according to E(G). Here the only fitting pa-
IVC and the differential zero bias conductanGg, can be rameter is the classical time of flighg of the quasiparticles,
attributed to a reconfiguration of the scattering centers in thavhich is shown in Table I. The time of flight, influences
SQPC between the two measurement runs. Between the meeily the step height of the critical current, but not its position
surements the sample was warmed up to room temperature @ the gate voltage axis. The fitted graphs for the conduc-
remove the cold magnetic shields. This makes a comparisoi@nceG,c and critical currentc are shown in Fig. 3.

conductance (2e%/h)
critical current |, (nA)

O = N W s GO OO

-2.0 -1.9 -1.8
gate voltage V__ (V)

gate (

FIG. 3. (a) Critical currentlc (open symbolsand conductance

between the gate voltage depende@ggandl difficult, as _From Table | we see that the steps in the conductance and
the reorganization of the scattering centers influences theritical current appear at almost equidistant gate voltage in-
transmission probabilitie,,. tervals, as the correction factéy,,, is practically 1 for all

In the following we will only analyze and compare the steps. Furthermore the “sharpness” of the steps, which is
gate voltage dependence of the conductaBge and critical ~ given by —2r(Eg—Vy)/fiw,, is of the same order of magni-
current I, as they have been determined simultaneousljyude for all the steps. The average transmission probability
from the same IVCs. In Fig. 3 the appearance of the steps agxtracted from Table | i©.=0.775. This can be attributed
marked with the index which corresponds also to the trans- to the finite barrier potential at the 2DEG-Nb interface. A
port mode index contributing both to the conductance andough estimaté of the barrier strengt at the interface can
the critical current. The stefia=1, 2, 3, 5, 6 in the conduc- be derived from the relatiorRy=Rs{1+2Z%) where Ry
tance are also seen as steps in the critical current. This shows38 (1 is the resistance of the SQPC at zero gate voltage and
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Rsh the Sharvin resistanc®g,=(h/2€?)(\/2W). With W agreement with the expected valug=L/v=0.4 ps.
=10 um and\=16.5 nm we get for the Sharvin resistance From the critical current at zero gate voltade,
Rsp=10.7Q which results in a barrier strength=1.1 or =8.5uA which is carried byN=2W/\z=1200 transport
transmission probabilityp,=0.45. The reason fdb; being  modes we would expect an average critical current step
smaller thanDg¢ can be attributed to the inhomogeneity height Alc=IcoAr/2W=7 nA, which agrees well with the
along the 2DEG-Nb interface which will result in a varying magnitude of the critical current quantization observed here.
transmission probability along the interfad®: is an average
transmission probability along the junction widthV
=10 um and Dy is a local measure of the transmission
probability on the length scale of the constriction widily We have measured the conductance and supercurrent of a
=100 nm which can differ substantially from,. Another  S-2DEG-S Josephson junction SQPC. Both the conductance
reason could be that the conductance in the bias voltagand the supercurrent showed a steplike structure as a func-
range between 10QV and 150uV is still slightly affected  tion of gate voltage. Unlike the data presented in Ref. 9 we
by Andreev reflection at the 2DEG/NDb interfate. observed that the steps in the supercurrent and the conduc-
The height of the steps of the supercurrignas a function tance are correlated. Furthermore, we could see evidence of a
of gate voltage/, in Fig. 3 depends on the gate voltage. Thecritical current in the SQPC which was carried by the first
step height increases for increasing step number. This effecipen transport mode in the SQPC. We could fit the gate
is reflected in the fitted values for the time of flighf (see  voltage dependence of the critical current and conductance
Table ). The step height fon< 3 is smaller than 2 nA which with parameters typical for our junction.
could be attributed to a reduced measured critical current due
to spurious noise in the measurement setup and thermal fluc- ACKNOWLEDGMENTS
tuations. The Josephson energy of a junction with a critical
current of 1 nA corresponds to a temperature of 24 mK, We would like to acknowledge stimulating discussions
which is the bath temperature of our experiment. For stepwith N. Chtchelkatchev, V. Shumeiko, and F. Lombardi. This
n=5 andn=6 we have a step height afl,=5 nA. The  work was supported by the Japanese NEDO, G. Gustavsson
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