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Andreev reflection at high magnetic fields
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Electron transport through a two-dimensional electron gas between superconducting contacts was studied in
perpendicular magnetic fields of up to 6 T. Alloyed contacts with a high-critical field were used with a
high-mobility GaAs:AlxGa1-xAs heterostructure, allowing the first observation of Andreev reflection at fields of
up to 3 T and into the quantum Hall regime. An increase in the probability of Andreev reflection was seen
with increasing field to 1.2 T, and excess conductance is seen in the range 60 mT–3 T. Above 0.85 T, spin
splitting in the semiconductor channel inhibits Andreev reflection.@S0163-1829~99!04211-3#
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Much attention has been devoted to the study
superconductor- semiconductor hybrid systems, especial
the process of Andreev reflection~AR!, whereby two elec-
trons from the semiconductor pair upon crossing
interface.1 In particular, the superconductor two-dimension
electron-gas junction is of interest because of the hi
electron mobility and density in the channel. Many expe
ments have been performed, typically using Nb contacts
InAs-based channels,2–5 because a transparent contact can
made between InAs and the superconducting electrode
smaller number of studies have used the GaAs:AlxGa1-xAs
heterostructure because of the higher mobilit
obtainable7–9, but the buried channel makes contact form
tion very difficult.

The effect of a magnetic field on Andreev reflection
currently of much interest,6,10–13including high-field effects
such as the behavior of a superconductor-semicondu
junction in the quantum Hall regime.11 The low-field re-
sponse is now well understood, with a wealth of experim
tal evidence, mostly based on the clean Nb:InAs structure3,14

However, these contacts tend to have a low-critical magn
field (Hc), with the result that the regime above 50 mT h
been little studied experimentally. The one report of a hig
field experiment, in Ref. 13, gives no details.

It has previously been demonstrated that a connection
tween a high-mobility two-dimensional electron gas and h
Hc superconductor can be achieved with a GaAs/AlxGa1-xAs
heterostructure and a sintered alloy superconductor.15 A
careful choice of material and annealing conditions creat
contact containing interconnected regions of supercondu
in a normal-metal matrix. This paper reports a study of
magnetoresistance of such a superconductor-semicond
structure at relatively high applied field, and into the integ
quantum Hall regime. Electron transport through the sys
is found to have an unusual field dependence, which dis
pears when the superconductor is driven into its normal st
Rather than decreasing, as had been expected, the proba
of Andreev reflection is found toincreasewith increasing
magnetic field.

Figure 1 shows the experimental structure, which is a
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fined version of a GaAs/tin contact,15 produced using
electron-beam lithography, lift-off, and rapid electron-bea
annealing. The channel is formed from a standard hi
mobility GaAs:AlxGa1-xAs heterostructure, with an electro
density of 3.3231011 cm22, a low-temperature mobility of
3.343106 cm2V21 s21, length 2 mm and width 200mm.
Tin is evaporated and cappedin situ with gold to prevent
oxidation during specimen transfer. Silicon nitride is th
sputtered, a refractory layer of chromium and gold eva
rated, and the structure sintered using rapid electron-b
annealing with a time at peak temperature of;10 ms. The
silicon nitride is a diffusion barrier to prevent chromiu
mixing and alloying with the tin and the semiconductor du
ing annealing. A thin layer of aluminum oxide, not wetted
tin, is used to prevent contact flow across the gap dur
sintering.

This fabrication strategy optimises the repeatability of t
electrical characteristics of the sintered contacts. The com
nation of refractory chromium and silicon nitride above t
tin, and aluminum oxide between the contacts, keeps the
in place during annealing and ensures uniformity of alloyin
The microscopic structure has been investigated,16 and is a
multiplyconnected three-dimensional filamentary superc
ductor ~predominantly Sn4Au) in a normal matrix, with a
typical filament width and spacing of 100–500 nm. Conta
is made to the two-dimensional electron gas~2DEG! via in-
clusions, which are morphologically similar to those seen
standard ohmic contacts to GaAs. The alloy is pseudo-typ

FIG. 1. Schematic figure of the junction.
7308 ©1999 The American Physical Society
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FIG. 2. Differential resistance traces at magnetic fields of~a! 0 T, ~b! 200 mT, ~c! 2 T, ~d! 6 T. ~b! and ~c! are characteristic of
Andreev reflection. The lower-field traces have repeatable finite-bias structure, which is absent at higher fields.
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. The
mag-
in that the field can penetrate the structure as a whole via
normal matrix, whilst being excluded from the superco
ductor. The critical temperatureTc and the critical magnetic
field HcII of the superconducting alloy contact material va
between specimens, lying in the ranges 4–7.5 K and 3–
T, respectively. Values ofTc54.9 K andHcII54 T were
found for the device reported here, which corresponds
superconductor gap 2D of 1.49 mV. A more detailed dis
cussion of the microstructure of these contacts will be giv
elsewhere. Electrical contacts were made to the tin laye
allow four-terminal transport measurements. These w
made at temperatures down to 300 mK in a He III refrige
tor, using standard lock-in techniques, with a perpendicu
magnetic field of up to 6 T.

The differential resistance as a function of applied b
shows a marked change of character with field. Figure
shows representative traces taken at 0 T, 200 mT, 2
and 6 T: At zero field, shown in Fig. 2~a!, the resistance is
sharply peaked at zero bias, falling as the voltage is
creased. This is characteristic of a superconduc
semiconductor tunnel junction with a low AR probabilit
where charge transport through the junction is predomina
by single-particle tunneling to and from quasiparticle sta
in the superconductor at biases aboveD.

With a field applied, the response changes in an un
pected manner. The peak reduces as the field increase
verting to become a dip, as can be seen in Fig. 2~b! and 2~c!,
at fields where an excess current is seen. This is charact
tic of transport across a superconductor-semiconductor ju
tion with a finite probability of Andreev reflection, resultin
in a relatively low resistance~excess current! at low biases.
A change in resistance is then observed when the bias ac
an interface reachesD. The dip increases in depth,~implying
an increase in AR probability at zero bias!, until around
1 T, then progressively reduces in depth. In Fig. 2~b!, the
cyclotron radius is;500 nm, and the flat-based dip re
he
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sembles the characteristic of a resistively shunted balli
junction. In Fig. 2~c!, however, the radius is;50 nm, and
the appearance is of a diffusive junction. In the range 1–2
the derived AR probability approaches unity, and the ch
acteristics are those of diffusively coupled junctions. T
inelastic scattering length in the channel is estimated
33 mm, and the path length between current injection a
removal points at these fields is'200 mm.

Figure 3 shows the magnetoresistance of the device
0.3 K compared with that at 6 K. Superficially, the magn
toresistance appears to be as expected for a device of
geometry, with a progressive rise in resistance with incre
ing field and the onset of Shubnikov–de Haas/quantum H

FIG. 3. Magnetoresistance of the structure at 300 mK and 6
The curves diverge and then reconverge as the field increases
inset shows schematic current paths across the device at finite
netic fields.
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oscillations at higher fields. The measured magnetoresist
is two-terminal across the two-dimensional channel and
contains elements of both logitudinal and transverse cond
tance: rxx5syy /(sxxsyy1sxy

2 ). Such two-terminal mea
surements have been extensively studied and show pos
magnetoresistance with steps and superposed oscillat
the character of which is strongly dependent
geometry.17,18However, the region below 3 T in the device
with superconducting contacts show an unusual curva
and a lower resistance relative to that at higher tempera
or bias than is seen in control devices with normal conta
The model of Takagaki,13 of a superconductor in series wit
a two-dimensional electron gas in the quantum Hall regim
shows a very similar magnetoresistance, but not an incre
in the Andreev reflection probability with field. The ratio o
the superconductor/channel Fermi energies in these ex
ments, mS /mN56.8, is higher than the range studied
Takagaki, mS /mN5124, and the device width is muc
larger. The bias dependence is very different from the mo
showing a dip around zero bias rather than a dip atD, which
is due to the presence of a disordered region near the in
face, not included in the model.1

A plot of normalized conductance (GS /GN) vs perpen-
dicular magnetic field, which gives a measure of the prop
tion of transport occuring by Andreev reflection, is shown
Fig. 4, for a sample with superconducting contacts, a
a control sample of the same geometry but with norm
gold:germanium:nickel contacts. The difference in behav
is immediately apparent. The conductance of the struc

FIG. 4. Normalized zero-bias conductance as a function of
plied magnetic field for structures of identical geometry, but w
superconducting and normal-metal contacts. The inset shows
low-field behavior with superconducting contacts, where a dist
change in gradient is seen as the conductance passes throug
;60 mT.
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with superconducting contacts shows several distinct
gimes: For very low fields, the normalized conductance
less than unity, and rises to one at a field of;60 mT, due to
the breaking of weak localization in the narrow region
disorder near the interface. This implies a phase-break
length of ;65 nm in this region, which is estimated to b
80–90-nm thick from microscopic characterization.
higher fields, the conductance rises linearly and then os
lates and falls, reaching values around unity near 4 T.

Other differences are seen between the superconduc
and normal contacts. With superconducting contacts, the
solute resistance of the structure and the change with fi
dR/dB, are both lower. Also, the magnetoresistance osci
tions are considerably less well resolved than with norm
contacts. This is due to the presence of the superconduc
contacts, which impose a local lateral electrical equipot
tial, dampening the establishment of a Hall voltage acr
the channel.

Both the normalized zero-bias conductance and the c
acter of the differential resistance at finite bias indicate t
the proportion of the electron transport that takes place
Andreev reflection is first increasing with applied magne
field, up to a field of around 1 T, then decreasing. This
against a background of generally decreasing conducta
with magnetic field. The overall evidence therefore, is th
from 0–60 mT, the conductance is dominated by sing
particle tunnelling across the interfaces and weak local
tion in the channel. In this region, the fluctuations in condu
tance are larger than at higher fields. Between 60 mT
0.85 T the AR probability increases linearly with field
reaching a maximum of around 0.7. Above 0.85 T, the p
portion of AR begins to decrease with increasing field, be
extinguished at approximately 4 T.

The unexpected rise in AR probability with magnetic fie
merits discussion. As the field increases, the number of c
duction channels decreases and transport begins to take
via edge states. This gives the positive two-terminal mag
toresistance seen with both normal and superconducting
tacts. With superconducting contacts, for transport across
interface to occur at subgap biases via Andreev reflect
the conditions of energy, (E11E252ES) wave vector and
spin, k1,↑52k2,↓ , matching must occur for the electrons
the channel to enter the superconductor as a spin-singlet
With no applied field, the range of states available near
interface and the highmS /mN mean that the probability o
two incoming electrons satisfying these conditions is lo
~unless interference contributes strongly!.

At finite magnetic field, flux is excluded from the supe
conducting regions of the contact, but penetrates the con
through the normal regions, so there will be no field e
hancement in the channel. The superconductors are the
series with a field-quantized two-dimensional electron g
with a thin-disordered region at each interface. Transpor
low bias is by Andreev reflection in and out of the ed
channels.

One explanation of the increase is that if edge-state tra
port is dominant, the wave vectors of incoming and outgo
electrons are closely constrained in the quasi-o
dimensional states and the matching probability for Andre
reflection is correspondingly raised. Although the applicat
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of the field reduces the overall conductance, the increa
probability of Andreev reflection lowers the rate of that r
duction.

Alternatively, the effect may be due to the increased
tempt rate due to skipping orbitals at the interface.13,19 This
implies an increase in AR probability, which is linear wi
field, proportional to the number of skips in the semiclassi
picture. The increase does appear to be linear with field
the range 60–800 mT, but a simple analysis using
model, with the maximum AR probability of 0.95 near 1
gives a zero-field probability of the order 1023. A more de-
tailed analysis would need to include disorder near the in
faces, which is known to have a dramatic effect on Andre
reflection.

As the field is raised further, spin splitting means that
matching conditions are no longer satisfied. When the av
able channels are spin polarized, although the wave ve
and energy conditions may be met, spin flip is needed
Andreev reflection to occur,11 and so the probability de
creases. The field at which the conductance turns over
responds to the field at which spin splitting of the levels
seen. This can be seen in the longitudinal resistance
standard Hall bar made from the same wafer; shown in F
5 with the normalized conductance of the device with sup
conducting contacts. The turnover in excess conductance
curs at a field where spin splitting starts to be resolved in
longitudinal resistance. At higher fields, the superconduc
gap decreases, which will also reduce Andreev reflection,
the coincidence of the turnover in excess conductance
the onset of spin splitting implies strongly that this dom
nates, at least to fields of the order of 2–3 T.

The experiments were repeated with the magnetic fi
applied parallel to the two-dimensional electron gas, and
Andreev reflection was observed, further indicating that t
is an orbital effect. Similar behavior has been observed
several devices with this structure and in devices with ot
tin-based alloyed contact materials with markedly differe
alloy compositions, but similar superconducting microstru
ture, demonstrating that the effect is not material depend
The contacts made to the Hall-bar control device were m
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using the same heat treatment as the superconducting de
and the longitudinal magnetoresistance shown in Fig. 5 c
firms that the annealing does not deminish the channel
bility.

In conclusion, we have observed Andreev reflection
high-magnetic fields. We find an increase in the Andre
reflection probability with increasing field for low fields
which is quenched when Zeeman splitting of the Land
levels becomes significant. There is currently no quantita
model for this effect, which is the inverse of the expect
behavior. Several aspects of this response need further in
tigation, and the temperature dependence is currently b
investigated in detail. This system potentially opens the p
sibility of studying Andreev reflection between a superco
ductor and a Luttinger liquid.20 Very recently, a similar ef-
fect has been seen in the NbN:InAs system.21

The authors thank H. Ahmed, B.W. Alphenaar, D. K
melnitskii, and B. Simons for useful discussions.

FIG. 5. Comparison of the excess conductance and the long
dinal resistance in a standard Hall bar made from the same w
Spin splitting starts to be resolved at 0.85 T, where the Andr
reflection starts to reduce.
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