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Critical currents in ballistic two-dimensional InAs-based superconducting weak links
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The critical supercurrent, carried by a short0.3 to 0.8 wm) ballistic two-dimensional InAs-based electron
gas between superconducting niobium electrodes is studied. In relating the maximum value to the resistance of
the weak link in the normal state,, a much lower value is found than theoretically expected for a ballistic
system. The energy scale which characterizes the observed temperature dependence is comparable to the
energy associated with the product lof and R,,. We point out that although the transport between the
electrodes is ballistic, in the InAs underneath the superconducting electrodes the transport is diffusive, an
experimental case which has not yet been studied theoretif8M.63-18209)09741-9

Supercurrents in ballistic superconductor—normal-metal-Thouless energy is related to the electron dwell time in the
superconductor§N§ structures are microscopically due to junction. For a diffusive system it iE, g=%D/L? with D
Andreev bound states. The pairing interaction which leads tehe diffusion constant. For a ballistic system it By,
an energy gap oA around the Fermi energlr in the su-  =#v/L. The distinction between long and short is set by
perconductofS) is absent in the normal materidl) and the  the ratio of the Thouless energy compared to the energy gap
normal electrons are communicating with the superconducts . gor temperaturekgT>Eqy,, the associated temperature
ors via Andreev reflectiohlf an electron with wave number dependence of the critical current is exp(kgT/Epp) and
Ke=kg+E/fve (with E the energy fromEg, andve the  exp(—k,T/Eq,,) for the diffusive and the ballistic cases, re-
Fermi velocity Andreev reflects, a Cooper pair is formed in spectively. ’
the superconductor and a hole with wave vedtqr ke A schematic figure and a scanning electron micrograph of
—E/fve is reflected into the normal region. The dynamical the sample are shown in Fig. 3. The Nb electrodes are
phase acquired by the incoming electron is therefore oppasoupled by a two-dimensional electron g&DEG) in a 15
site to the dynamical phase acquired by the retroreflectegm thick InAs quantum wellQW) between AISb barriers.
hole which travels back along the same path. Such phasgg produce the sample a mesa etch pattern is first written in
conjugated closed trajectories of electrons and holes couplgslya using electron beam lithographBL). This pattern
via Andreev reflections lead to a discrete set of energy levelg transferred to the heterostructure by wet etching of the
at energies which are dependent on the difference of thg gp top layer and the InAs quantum well. Secondly, the
macroscopic phases of the superconductors. A supercurregfectrode pattern is defined imma with EBL and the AISb
can flow through these bound states. Using these concepisp layer is removed by chemical wet etching to expose the
the maximum supercurrent can be calculatéd™ and re-  |nas QW. Finally the sample is loaded in a UHV chamber
lated to the normal state resistanBg of the weak link.  where the InAs QW surface is cleaned with a 500 eV Ar-ion
Experimentally(see Fig. 1 we find that thel (R, product, phombardment prior to deposition of 70 nm thick Nb elec-
which is independent of the width of the device, is much¢gdes.
lower than theoretically predicted. Thekav values are the Four junctions were prepared on the same chip of InAs in
most prominent deviation from theory for samples that arghe same production batch. The mesa etch width is W
experimentally in the required ballistic limft>° =0.7 um. The Nb-2DEG contact is made in the dark region

For short junctions where the junction length<&,  in Fig. 3 (indicated as bare InAs under NbThe interelec-
=hve/2A so that K.—k,)L~0 there is only one bound trode distance. is the length of the channel between these
state per mode in the energy windd¢*=A. At T=0, the
I.R, product is7A/e. The theory describing such ballistic ' ' ' /

short junctions is known as KO Iafter Kulik and 400l
Omelyanchuf). The associated temperature dependence of
the critical current is shown in Fig. 2. If intermode scattering

is introduced in the normal region between the two super- L 7

conductors, one can calculate the avergge, product for Sl I EENPSE

such a diffusive system. Kulik and OmelyancAdid that

(I:X{R,)=0.66rAl/e (KO II). For comparison, for a tunnel

junction the Ambegaokar-Baratoff result givesA/2eR,. 0= 0 IR, 00 150

For this short junction limit the temperature dependence of ¢ V@uv)

the three different cases is illustrated in Fig. 2. FIG. 1. Current-voltage characteristic for sample No. 4 illustrat-

For longer junctions, the energy scale that setsltl®, ing the experimental definitions bf andI R, , indicated by arrows
product is notA but the Thouless energgr,.?t?> The (T=0.7 K).
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FIG. 2. Critical current as a function of temperature for a short
ballistic contact(KO1, top and a short diffusive contadkKO2,

bottom. The supercurrent is normalized kg= 7A/eR, .

04 1.0

regions; it ranges from 0.32 to 0.78m. The channel itself
is covered with an AISb top layer to ensure a high mobility,
ballistic channel.

The samples have an electron densityng
=2.1x10'"® m 2 as obtained from Shubnikov—de Haas
measurements of the actual sample. Given the mobility o
10 n?/V's, the mean free path is larger thandm, much
longer than the channel length The low magnetic field data

(Fig. 4) support the assumption that the channel is indeed®

ballistic. ForB<<0.3 T the differential resistance is modu-
lated by the presence of a supercurrent. The low field ma
netoresistance is dominated by magnetic depopulation of t
electron modes in the ballistic channel. For low magneti
fields wherel ;> 3W, with |,=#%kg/eB, the magnetoresis-

tance is given by

h = W

R=— ——+ 2
2e? Wke  12hk?3

D

L

@ AlSb

(b)

FIG. 3. Top: schematic cut through of a sample. Bottom: scan
ning electron microscope picture of a sample.
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FIG. 4. Magnetoresistance at 4.2 K showing magnetic depopu-

lation of the channel region.
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using a Taylor approximation of the number of modes in the
two-dimensional electron g&3.With the measured values
for ng and W, the parabolic behavioR=aB? (with a
=773W/121k§) is expected to hava~60. The measured
values ofa are also given in Table | and are comparable to
those expected from the material geometry and material
Eroperties: consistent with the assumption that the channel is
allistic. The first term of Eq(1) is the Sharvin resistance.
The measured resistancesee Table )l are higher than the
harvin resistancBg,= (h/2e?) (7/kgW) =160 which we
primarily attribute to some remnant scattering at the inter-
faces. From their low resistance, we conclude that the junc-
ions have highly transparent interfaces which is supported

to Andreev reflection.

Both the width and the length of the samples are smaller
than the inelastic scattering length of the materig|,
~10 um.?* At the low temperatures used it is also smaller
than the thermal coherence lengtlit=nve/2akgT
~15 um (at 0.1 K. Thus the junction length and width are
smaller than the phase coherence lenggh min(ér liy).
Moreover, the junction dimensions are comparable to the
superconducting coherence lengfy=#%ve/2A~0.5 um
(with A=1.1 meV, obtained from the superconducting tran-
sition temperature of the Npso that they are in between the
long (L>¢p) and short [<&;) limit.

Thus, the sample is a ballistic channel between two high
transparency superconducting electrodes and electrons can
travel phase coherently between the electrodes. Therefore in
theory the junctions are expected to carry a supercurrent with
anl:R, product of the order ofrA/e.

The experimentally obtaineld andl R, values at 0.1 K
are given in Table I. The sample leads were filtered by a

TABLE I. Experimental parameters of the junctio, is de-
rived from the slope of the IV curvea is the coefficient of the
parabolic fit to the magnetoresistance between 0.3 and 1.0 T. The
critical currentl, is the value measured &=0.1 K. |, and|.R,
are determined in the manner indicated in vs. temperature curve
shows an exponential decay with coefficidnt

Sample L R, a lc 1Ry, T To kgTole

(pm) (Q) (T (A) (V) (K) (K) (neVv)
3 0.32 468 53 79 37 025 047 41
4 0.47 300 68 260 78 0.25 0.91 78
5 0.63 451 97 62 28 0.25 0.55 43
6 0.78 456 81 80 36 030 051 44
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home made cryogenic filter connected to the mixing chamber 150 0.5 10 1.5 20 2.5
of the dilution fridge. The filters contain for eaémanganin _

lead a three stage low pass RC filtanth very low induc- <s 75t

tance metal film resistors of 2.7(k and ceramic disc ca- — \

pacitors of 1 nf after which the leads pass a segment filled Sl , ,

with fine Cu powder before connection to the sample elec- 400 : :

trodes. Without these filters the noise temperature is higher ~ \

than the bath temperature. In the temperature range used in E 200} T,

the experimentgbelow 2.5 K the temperature dependence il “*\-\'\
of the superconductor energy gap does not play a (dlee ol# . . .

Nb electrodes have B of 7 K, see Fig. 2.R, in Table | is 80 ;

the slope of the current voltage characteristic at low voltages. -

Due to multiple Andreev reflectiof, this resistance deviates Eo 60r W

slightly from the normal resistance at voltag¥s>2A/e -

which is theR, referred to in the theoretical work. In the ) L -

voltage carrying state, multiple Andreev reflection leads to a ' '

smearing of the distribution functiofi. This can effectively z 100’\

be seen as heating. This leads to hysteresis because the su- i sof .

percurrent in the voltage carrying state is lower than the su- \'\.\.

percurrent through the Andreev bound states which are 836 05 10 I-ST' 55
populated according to the Fermi-Dirac distribution function ' ' ' T® | ) '

in the zero voltage state. To describe the hysteresis by the
RCSJ model, the needed capacitance is far higher than the F'C- 5. Supercurrent versus temperature. The dots are values
capacitance calculated from geometry an upper limit 01determ.lned from the IV characteristic and the RSJ model with ther-
which is 1 fF, disregarding the fact that the capacitor plateémI noise.
are connected by a conducting charffel.

Both the observed values Bf, andl R, donotscale with ~ range irrespective of junction transparerityn the concave
the interelectrode separatidnso that from the experiment region the data can be fitted well with an exponential decay
we expect that the junctions are in the short junction limit.[I > exp(—T/Ty)]. The temperature rangg, over whichl,
However, the critical current magnitude is much smaller tharflecreases with a facta is also tabulated in Table I. The
expected for a junction with transparent interfaces in thgunctionsA, C, andD have, within the fitting accuracy, iden-
short junction limit. Sample No. 4 has a higHeR, product tical T, irrespective of their length. We note that for samples
than the three other samples. This is accompanied by a lowétos. 3 and 6 this is a property shared with thgiR, prod-
normal resistance while the material parameters such as theet. Junction B shows a doubling of both thdr, product
electron density are identical. and the decay temperatufg. The range over which the fit

In Fig. 5 the temperature dependence of the critical curto an exponential decay is performed is not very large but
rent is shown. To determine the critical current a dedicateghows that the characteristic decay temperafyrss compa-
electronic circuit is used. The output is the current at whichrable to, and seems directly related to th,, product of the
the voltage across the junction exceeds a minimum voltagginctions.
(8 wV). For a sharp current voltage characteriggach as This case, intermediate between ballistic and diffusive has
in Fig. 1) this is the critical current. Due to noise the setnot been studied theoretically. However, we like to point out
minimum voltage can be exceeded before the critical currerthat also in the case of diffusive transport in our group we
is reached which leads to the noisd jnn Fig. 5. This noise have not been able to obtain quantitative agreement between
is more prominent in the panels which show a Iow If the  theory and experiment in particular for the case of sample
current voltage characteristics are rounded due to thermaipecific fluctuationg?
fluctuations this method cannot be used because the mea- The most prominent observation here is the IbyR,
sured output differs from the intrinsic critical current. In this product. We find that both the critical current magnitude and
range the critical current is obtained from a fit of the currentits |, vs temperature curve are independent of the junction
voltage characteristic to the RSJ model with thermal n8ise. length. Sample No. 4 has a highHeR,, product and a higher
In apparent contrast to Thomas$ al?® we find, within our  decay temperatur®, accompanied by a lower normal resis-
measurement accuracy, excellent agreement with this modehnceR,,. We find (Table | that the energy scales of the
which allows us to determine the critical current also at el-three measured parametergR, and T, are comparable.
evated temperatures. Where this method was used, these valso, the energy scale af’ is of the same order of magni-
ues are shown as dots in Fig. 5. tude. Interpretation of these temperatures as a Thouless en-

All samples show a decay of the critical current with tem-ergy setting the scale of tHeR,, product for a long junction
perature. A temperatufE’ is defined above which this decay would mean either a low diffusion constadtor an effective
is faster than belowT’ is approximately 0.3 Ksee Table)l  junction lengthL of about ten times its physical length. Both
Over the range measured the critical current does not saturaéee incompatible with the ballisticity of the channel.
down to the lowest temperature. The observgd) has a A possible origin of the low supercurrent may be scatter-
negative curvature fof >T’ whereas theoretically, for small ing introduced by Ar etching of the InAs surface prior to Nb
junctions the curvature is postive over the entire temperaturdeposition. The ion bombardment, intended to remove the
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native oxide, also modifies the region under the Nb contactreflect of this induced excitation gap. The presented experi-
Locally the bombardment reduces the electron mean fremental work does not support the presence of this gap in the
path to approximately 10 nm and induces a high electrostudied sample. Maybe the prerequisite of adiabaticity is not
density so that the interface is nonspecdlawhereas for fully satisfied in our samples.
Andreev reflection from a specular interface, the hole is ret- In conclusion, we have observed that the supercurrent in
roreflected and has the same wavevector as the incomingallistic mesoscopic Josephson junctions is at least an order
electron from which it originates, the reflected hole from aof magnitude smaller than expected from theory which as-
diffusive interface has partial waves in all directicRsA  sumes ideal boundaries. We have found that! iR, prod-
rough estimate of this effect yields a depreskd®}, product  uct, the temperatur&’ above whichl ,(T) decreases expo-
comparable to the measured result. To form an Andreewentially, andT,, the decay temperature of this exponential
bound state, the electron or hole should still be in the sam@ecrease have a comparable energy scale. For our well char-
mode after two Andreev reflections the probability of which acterized junctions with ballistic channels, the disordered re-
is 1N? with fully diffusive Andreev reflection where the gion under the Nb contacts may well cause the lowég&y
Andreev reflected quasiparticle in modes distributed over  products observed.
all modes 0O--N. Consequently, the supercurrent for the
N-mode wide junction would be depressed by a factor
N/N?=1/N=1/30. We acknowledge discussions with S. G. den Hartog and
Volkov et al®® have shown theoretically that the elec- A. F. Morpurgo, and the technical support of B. Wolfs. This
tronic states in the InAs quantum well under the Nb elecwork was supported by the Netherlands Organization for
trode with a highly transparent interface have an effectiveScientific Research through the Foundation for Fundamental
excitation gap. Its magnitude is comparable to the Nb superResearch on MattéFOM) and the Royal Dutch Academy of
conducting gap and the electrons from the channel Andree8ciences.
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