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The differential resistance in an InAs-inserted-channel Ing 5;Al, 43As/Ing 53Gag 47As heterostructure-
coupled superconducting junction is enhanced within the Nb superconducting gap energy by applying a
magnetic field. However, the enhancement saturates under a magnetic field of several mT. This
behavior suggests the reduction of Andreev-reflection (AR) probabilities by the magnetic field. The AR
probabilities are calculated as a function of the pair-potential penetration length into the InAs channel.
The enhanced AR probabilities decrease with decreasing pair-potential penetration length. The magnet-
ic field reduces the penetration of the pair potential in the channel and therefore reduces the AR proba-
bility. This reduction of AR probability causes an enhancement of dV /dI.

In recent years, much attention has been devoted to
the superconductor-semiconductor-superconductor (S-
Sm-S) system. It has been suggested that Andreev
reflection (AR) plays an important role in transport in the
normal state as well as the superconducting state.! The
dc Josephson current is given by the AR probability and
is carried by the discrete excitation bound state in the Sm
region.? The differential resistance (dV/dI-V) of the
normal state shows subharmonic energy-gap structure
(SGS) due to multiple AR.> Most of the experimental re-
sults on the finite voltage state transport had been ex-
plained in terms of the Blonder Tinkham, and Klapwijk
(BKT) theory.4 Recently, the anomalous conductances
in S-Sm (Ref. 5) or S-Sm-S (Ref. 6) systems have been ob-
served, which cannot be explained by the existing BTK
theory. This has led to the interpretation that the in-
terference due to elastic scattering enhances the AR
probabilities and conductance.’

The S-Sm-S system with an InAs-inserted
Ing 5,Al, 4As/Ing 53Gag 4;,As heterostructure® is interest-
ing because the two-dimensional electron gas (2DEG)
InAs channel has a long mean free path and the S-Sm-S
shows clean-limit transport properties.’® Therefore, the
enhanced AR probabilities due to the interference effect
in the channel are negligible. This paper reports on an
anomalous magnetic-field dependence of the dV/dI-V
characteristics in the S-Sm-S junction with an InAs-
inserted-channel Ing 5,Al; 43A8/Ing 53Gag 47As  hetero-
structure. The dV /dI within the Nb superconducting
gap energy is enhanced by applying the magnetic field.
The weak magnetic field modifies the phase of incident
electron and Andreev-reflected hole, but does not reduce
the AR probabilities. If we assume the pair potential in
the InAs channel is induced by the superconducting
proximity effect, the experimental results can be qualita-
tively explained.

The structure of the junction is schematically illustrat-
ed in Fig. 1. The magnetic field H is applied perpendicu-
lar to the junction plane. A 2DEG channel is formed in
the 4-nm undoped InAs layer inserted into the undoped
Ing 53Gag 47As layer. Two superconducting Nb elec-
trodes, 100-nm thick, were defined by a lift-off process us-
ing electron beam lithography. Chemical etching was
used to remove the undoped Ing 5,Al, 4gAs Schottky layer

0163-1829/94/49(5)/3659(4)/$06.00 49

and undoped Inj sGay 4,As layer. The carrier is supplied
from the doped Ing Al 4As layer to the channel.
High-electron mobility is maintained by this modulation
doped structure.

The two electrodes were made by electron beam depo-
sition after rf sputter cleaning in an evaporation chamber
to eliminate the surface oxide layer. The length L be-
tween Nb electrodes is about 0.8 um. The electrode
width W is 35 pm. The junction area was defined by
mesa etching to reduce the leakage current. The carrier
concentration N; and mobility 4 were measured to be
2.1X10'2 cm™2 and 87200 cm?/Vs, respectively, from
the Shubnikov-de Haas oscillation (SdH) period and sheet
resistance. The effective mass m* was obtained to be
0.045 from the temperature dependence of the SdH am-
plitude. The 2DEG InAs channel is in the one-sub-band
conduction state since the oscillation had one-frequency
component. The mean free path is given by / =2.1 um,
which is longer than the junction length L. This fact en-
sures that the scattering events occur mainly at the S-Sm
interface. The coherence length &n is given by
En=*%vp/2mky T and is 0.26 um at 4.2 K. The mean free
path [ is much longer than the coherence length. There-
fore, this S-Sm-S is in the clean limit region. Note that
superconducting Nb electrodes are probably in the dirty
limit.

The magnetic field dependence of dV /dI-V charac-
teristics at 4.2 K are shown in Fig. 2(a). The dV /dI is
normalized by the normal resistance Rn of 6.3 Q at 5
meV higher than 2A. The calculated resistance of the
channel Rsm is 0.76() from the experimentally obtained
Ng and p. The Rsm is much smaller than the measured
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FIG. 1. Cross-sectional view of the junction.
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FIG. 2. (a) Differential resistance as a function of voltage
(dV /dI-V characteristics) under a magnetic field. (b) Subtract-
ed dV /dI-V characteristics by the saturated data at H., =15
mT. R, is the normalized resistance at 5 MeV. dV /dI is nor-
malized by R,,.

normal resistance. Therefore, Rn reflects the S-Sm inter-
face and the voltage drop occurs at the interface.

Gradual decreases in dV/dI-V with dip structures
were observed below 3 meV. This decrease in dV /dI cor-
responds to the excess current on the I-¥ characteristics.
The structure appears near voltages equal to 2A /ne, with
n=1,2,3 where A is the Nb superconducting energy gap.
This is subharmonic energy-gap structure (SGS) due to
the multiple Andreev reflection. The arrows denote the
well-known multiple Andreev reflections at submultiples
of the superconducting energy gap. The sharp dip at
zero voltage disappears under a very low magnetic field
H,, <1 mT. By applying magnetic field H,, the dV /dI
below 2A is gradually enhanced up to several mT, but the
normal resistance at 5 meV does not change. The
enhancement in dV /dI is almost saturated below several
mT.

Figure 2(b) shows the subtracted dV /dI -V characteris-
tics by the saturated data at H,, =15 mT. The subtrac-
tion is performed to more clearly show the magnetic-field
effect. The difference from the saturated data increases
with decreasing bias voltage. This means that the
enhancement of dV /dI by the magnetic field is dominant
at low energy. The subtracted data for H,, =0 remains
SGS at 2A/ne with n=1,2,3 but only the structure at
n=1 remains for a magnetic field higher than H . =1.7
mT. With increasing H,.,, the structure at 2A also
smears. This means that SGS is smeared by applying
H,,.
The anomalous magnetic-field dependence of conduc-
tance in the Nb-In; 53Gag 4;As S-Sm system has been re-
ported by Kastalsky et al.> The enhanced conductance

appears near zero bias below 0.5 meV and is smeared by
applying a magnetic field of several tens of mT or by in-
creasing the temperature to more than 2 K. In our ex-
periment on the S-Sm-S system, low resistance (enhanced
conductance) appeared at higher voltage just below 2A
and at higher temperature of 4.2 K than in Kastalsky’s
results. Our results are different, although, they may be
related to Kastalsky’s results. They attributed the
enhanced conductance to the proximity-induced pair
current. Our S-Sm-S junction, which has a supercurrent,
shows a very sharp dip near the zero voltage. The ob-
served sharp dip near zero voltage in Fig. 2(a) is thought
to be the precursor of the supercurrent of the junction.

Van Wees et al.” have theorized that the quantum in-
terference due to the elastic scattering near the interface
enhances the AR probabilities and therefore enhances the
conductance. In our junction, the mean free path is
longer than the junction length, and therefore the scatter-
ing event occurs almost at the S-Sm interface. The quan-
tum interference due to the elastic scattering in the chan-
nel is unaffected in our system.

In the S-Sm-S system using InAs-AlSb quantum well
structures,® Nguyen et al. observed a single conductance
peak and a conductance dip at voltages an order of mag-
nitude larger than the superconducting gap voltage.
They explain the behavior in terms of the AR, modified
by multiple normal reflections between the Nb electrodes
and the bottom barrier of the quantum well. We ob-
served a clear SGS and did not observe a dip at those
higher voltages. This means that AR occurs mainly at
the interface and the ordinary multiple AR between two
superconducting electrodes is important in our system.
Our sample geometry has a small difference from
Nguyen’s one. The edges of Nb electrodes are thought to
be under the top of the InAs channel because of the
chemical etching and the rf sputter cleaning just before
Nb deposition. The AR, modified by multiple normal
reflections between the Nb electrode and the bottom bar-
rier is a possible explanation for the enhanced AR. How-
ever, we focus on the InAs channel between the Nb elec-
trodes to explain the enhanced AR.

According to the BTK theory,* the barrier strength Z
has a strong influence on I-V characteristics. The in-
crease of Z at the interface leads to the enhancement of
dV /dI because the AR probabilities are reduced. For
low Z, BTK predicts a reduction of dV/dI and I-V
characteristics show excess current because the AR prob-
abilities are enhanced. For increasing Z the excess
current turns into a current deficit and dV /dI gradually
increases below 2A. Crossover from the excess current to
the current deficit has been observed in the Nb-
In, 5;Ga, 47As-Nb system'® by decreasing the interfacial
dopant concentration. In this experiment, the normal
resistance Rn which is proportional to (1+2Z?) did not
change with increasing H,,. This means the barrier
strength Z is not affected by the magnetic field, and
should be constant.

Van Son, Van Kempen, and Wyderll extended the
BTK theory to study the effect of a gradual variation of
the pair potential near the superconducting-normal metal
(S-N) interface. According to the calculation, AR proba-
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bilities 4 (E) within the gap voltage are enhanced by the
pair potential in the normal metal. This is because the
influence of the barrier at the S-Sm interface is weakened
by the pair potential for low quasiparticle energy. The
wave function of the quasiparticle is exponentially
damped in the pair potential of the normal metal and the
value at the barrier is small. The increase in the dV /dI
enhancement with decreasing bias voltage suggests the
pair potential in the InAs channel because the penetra-
tion of the pair potential becomes longer.

The penetration of the pair potential is reduced due to
the pair-breaking effect of the magnetic field.!> The
coherence length in the magnetic field is decreased by a
factor of (1+2a/mkyzT)”'%, where a is the pair-
breaking parameter and is given by a=DeH. Here, D is
the diffusion constant. The applied magnetic field is
enhanced by the shielding effect of superconducting Nb
electrodes. The enhanced mean field H 4 is given by
H.=Q2W/L?*H,,, where H,, is the externally applied
field.!*> For example, the magnetic field H,, =4 mT
which gives H =79 mT reduces the coherence length to
approximately 9%. In the actual situation, however, the
magnetic field is inhomogeneous and very strong at the
S-Sm interface. The enhanced Andreev reflection proba-
bilities are expected to be reduced by the magnetic field if
we assume the pair potential in the InAs channel.

Figure 3(a) shows the schematic model of this system
where the pair potential penetrates into the InAs chan-
nel. We assume that the pair-potential An in the Sm re-
gion is linearly decreased from the S-Sm interface. The
Andreev reflection probabilities A(E), the normal
reflection probabilities B (E), and transmission probabili-
ties T(E) are calculated as a function of the penetration
of the pair potential by integrating the Bogoliubov equa-
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FIG. 3. (a) Schematic model of this system where the pair po-
tential penetrates into the InAs channel. (b) Calculated An-
dreev reflection probabilities as a function of pair-potential
penetration length Xn. As Xn decreases, the probabilities de-
crease.

tion based on the Van Son’s method. The A (E) and
B (E) are represented by A(E)=|a,|? and B(E)=|b,|%,
respectively. Here the coefficients a, and b, are the am-
plitudes of the Andreev-reflected wave and the ordinary
reflected wave, respectively, for an incident electron wave
with amplitude 1. These coefficients are given by
_ uv —2ikpNxy
.= 2y, 2 2.2°¢
(1+Z%u?=Z*%?
—IZ(A=iZ)V—u?) 2ikyxy
C (4ZHur-ZH
where u and v are the complex values at x =Xn where
the pair potential reaches zero from the S-Sm interface.
Below the superconducting gap energy, this relation
A(B)+B(E)=1 is satisfied while 4(E)+B(E)+T(E)
=1 for E > As. These u and v are governed by the fol-
lowing Bogoliubov de Gennes equation where higher-
order terms are neglected.

b
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Here, E is the energy from the Fermi energy and A(x) is
the spatially varying pair potential. It is assumed that
the pair-potential As in the superconductor is constant
and 1.2 meV.

Here, we set the pair potential at the interface An=0.8
meV and Z=0.75 and assumed Xn =1, 0.7, 0.5, 0.3, 0.1.
The penetration depth Xn is normalized by 7§, where &,
is the BCS coherence length and is given by #ivy /mAs.
Figure 3(b) shows the calculated AR probabilities for
Xn =7&,, w&€y/2, and 0. When the penetration depth Xn
is 0, A(E), B(E), and T(E) become the same as the
BTK results. Here 7€, corresponds to 1.9£n(4.2 K), and
gives AR probability of 0.29 at the Fermi energy, which
is larger than the usual BTK result of 0.21 with Z=0.75.
As the penetration depth Xn decreases, A (E) reduces
and B (E) is enhanced within the gap energy.

The theoretical model to explain dV /dI of the S-Sm-S
system was proposed by Flensberg, Bindslev Hansen, and
Octavio.'* This model does not assume elastic or inelas-
tic scattering in the normal region and only elastic
scattering at the interface is taken into account. The
current through the junction is given by two nonequilibri-
um distribution functions which depend on the direction
of their motion:

I=(eRn)"' [dE[f_(E)—f_(E)]. (3)

Here, Rn is the normal state resistance defined at a
higher voltage than the superconducting energy gap. The
nonequilibrium distribution function depends on the bar-
rier strength through 4 (E), B(E), and T(E). Using the
appropriate boundary conditions at the interface and
sylﬂmetry arguments, the distribution function is given
by
S E)=A(E)f_ (E —eV)+B(E)1—f_(—E —eV)]
+T(E)fo(E) 4)
Using the above calculated 4 (E), B(E), and T (E) based
on the Van Son’s method, dV /dI are obtained in Fig. 4.
As the penetration depth Xn decreases, the dV /dI within



RAPID COMMUNICATIONS

3662

the gap voltage is enhanced since A (E) is reduced and
B (E) is enhanced.

The dips in the subharmonic energy-gap voltages in the
experimental results are small compared with the calcu-
lated curves. The voltage across the sample, which has a
coplanar structure, varies over the interface. This smears
the structures. !>!® However, the calculated results quali-
tatively explain the experimentally obtained enhancement
of dV /dI by assuming the pair potential in the Sm re-
gion.

The smearing of SGS by the magnetic field is not ex-
plained by this model because the inelastic scattering
effect is not taken into account. It is known that the mul-
tiple AR process is broken by the quasiparticle energy re-
laxation. The fact that SGS is observed up to n=3 sug-
gests the particle traverses about three times through the
junction without energy relaxation. The effective length
between sequential AR is shorter than the junction length
if the pair potential penetrates into the channel. The
magnetic field increases the effective length because the
penetration of the pair potential is reduced. This increase
in the effective length accelerates the energy relaxation of
the particles and smears the SGS. The smearing of SGS
by increasing the InAs-channel resistance has been ob-
served in the same Nb-InAs-Nb junction.!” The resis-
tance increase leads to the enhancement of the inelastic
scattering rate and therefore smears SGS.

Recently, several experiments have suggested the ex-
istence of the pair potential in the semiconductor of S-Sm
or S-Sm-S systems. An energy gap in an Ings3Gag 47As
layer has been observed by proximity effect tunneling
spectroscopy in Nb on an Ing43Gag 4 As-InP-
In, 5;Gag 47As heterostructure.'® Local tunneling spec-
troscopy using low-temperature scanning tunnel micro-
scope suggests the existence of the pair potential in a
Nb-InAs-Nb system.!® Double gap edge at Nb-Si inter-
face has been observed by point contact spectroscopy.?’
To verify the pair potential in the Sm region, further ex-
perimental as well as theoretical studies would be re-
quired. However, our experimental result that the
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FIG. 4. Calculated dV /dI-V characteristics as a function of
pair-potential penetration length Xn. As Xn decreases, dV /dI
within the gap voltage is enhanced. R, is the normal resistance
at 5 MeV. dV /dI is normalized by R,,.
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dV /dI-V characteristics are enhanced by the magnetic
field suggests the pair potential.

In conclusion, we have investigated magnetic-field
dependence of differential resistance in a clean S-Sm-S
junction using a 2DEG in an InAs-inserted-chan-
nel Ing s,Alj 43As/Ing 53Gag 47As heterostructure. The
dV /dI within the Nb superconducting energy gap is
enhanced by the weak magnetic field. This behavior sug-
gests the pair potential in the InAs channel. The applied
magnetic field reduces the penetration of the pair poten-
tial. We calculated the AR probability under the condi-
tion that the pair potential is induced in the channel.
The AR probability within the superconducting gap ener-
gy is reduced by decreasing the penetration of the pair
potential. This reduction of the AR probability leads to
the enhancement of dV /dlI.
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FIG. 1. Cross-sectional view of the junction.



