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Interference effects on the critical current in a clean-limit
superconductor —normal-metal —superconductor junction
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Interference effects are confirmed on the critical current of a gate-fitted superconductor —normal-metal—
superconductor junction in the clean limit. As the normal metal, the junction uses a two-dimensional electron
gas (2DEG) with a high mobility of 7.38 m /V s aud a high carrier density of 1.98X 10 cm at 4.2 K. The
superconducting critical current that flows through the 2DEG is measured as a function of the gate voltage and

shows oscillations as a function of the 2DEG carrier concentration. This oscillation is explained by the
interference effects predicted by Chrestin et al. The typical period of the oscillation agrees well with the
theoretical prediction.

It is well-known that at the interface of a normal metal

(N) and a superconductor (S) there occurs Andreev refiec-
tion, i.e., an incident electron (hole) from the normal side is
refiected as a hole (electron). The quantum transport of an
S-N junction shows various interesting effects due to An-
dreev reflection, e.g., modifications of weak localization and
universal conductance fluctuations or a quasip article
interferometer. Recently a second-quantization description
of Andreev reflection was given. In an S-N-S junction, it is
theoretically shown that supercurrent is carried mainly
through the bound states generated by Andreev reflection.
For the superconducting transport in a dirty-limit S-N-S
junction, interference effects and interaction effects associ-
ated with Anderson localization have been studied and both
were experimentally confirmed by the authors. ' In a clean-
limit S-N-S junction, a superconducting quantum point con-
tact (SQPC) was proposed. ' In attempts to achieve SQPC
S-N-S junctions, the use of a two-dimensional electron gas
(2DEG) in the clean limit have been studied.

Chrestin et aI. calculated the critical current I, in a clean-
limit S-2DEG-S junction and found that it oscillates with the
carrier concentration of the 2DEG. They stated this oscil-
lation was due to the interference of the quasiparticles that
undergo two normal reflections between two Andreev reflec-
tions [Fig. 1(c)]. In this paper, we report an experimental
confirmation of the I, oscillations due to the interference
effect in a gate-fitted Ino szAlo 4sAs/Inp 53Gao 47As hetero-
structure-coupled S-N-S junction and we compare the ex-
perimental results with the theoretical predictions.

Figure 1(a) is a schematic of the fabricated junction
coupled with an InAs-inserted-channel Ino s2Alo 4sAs/In(j 53
Ga{) 47As heterostructure. The heterostructure was grown by
molecular-beam epitaxy (MBE) on Fe-doped semi-insulating
InP substrate. The fabrication process for the junction is as
follows. First, the 60-nm undoped InA1As layer was chemi-
cally etched, then the 11-nm undoped InGaAs layer was re-
moved by Ar rf sputter cleaning. Two 100-nm-thick Nb elec-
trodes were then deposited on the InAs layer by electron-
beam deposition. Next, the 0.1-p,m-thick Si02 gate-insulator
film was deposited. Finally, the Al gate metal was deposited.
The details of the fabrication process for the junction are

discussed elsewhere. ' The 2DEG is confined in the inserted
4-nm InAs layer and has a high mobility and a high carrier
concentration. ' Two superconducting Nb electrodes are
coupled with the 2DEG. The separation between the two Nb
electrodes L was in the 0.2 to 0.6 p, m range. In this range, it
was experimentally confirmed that the supercurrent Rowed
through the 2DEG up to about 6.5 K. The gate struc-
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FIG. 1. (a) Cross-sectional view of the fabricated junction. The
supercurrent fiows through the two-dimensional gas formed in the
inserted InAs layer into the heterostructure and is changed by the
gate voltage. (b) Schematic view of the carrier density distribution.
The carrier concentration in the InAs layer underneath the Nb elec-
trodes is strongly suppressed. (c) The lowest-order process, which
involves two Andreev (AR) and two normal (NR) retlections, con-
tributed to the oscillation of the critical current.
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— 20 FIG. 2. (a) Measured critical current I, and
the junction normal resistance R& for the junction
with L =0.4 p, m and W=80 p, m as a function of
the gate voltage Vg at 0.74 K. I, shows clear
oscillations. (b) Carrier concentration Ã, of the
2DEG as a function of Vg . This curve is obtained
from R~-Vg curve and the relations in Eq. (1).
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ture could reproducibly withstand a gate voltage Vg of up to
—20 V applied to the gate. This gate configuration made it
possible to vary the carrier concentration and mobility of the
2DEG by the gate voltage and this resulted in changes in
both the superconducting critical current I, and the normal
resistance R& of the junction. This property is the main fea-
ture of this three-terminal device (Josephson field-effect
transistor). '

The carrier concentration, N, , the mobility, p, , and the
effective mass, m*, of the 2DEG used in this study were
respectively determined to be 1.98X 10 cm, 73 800
cm /V s, and 0.05m, , at 4.2 K by Shubnikov-de Haas (SdH)
measurement. Here, m, is the free electron mass. From these
values, the coherence length /~=A, vF/2vrkiiT in the clean
limit and the mean free path, l, were calculated to be 0.23
p, m at 4.2 K and 1.7 p, m, respectively, where vF is the Fermi
velocity. Therefore, the junction belongs to the clean limit

(l)(~) with ballistic transport (l)&L) when Vs=0. There
are some reports of gate-voltage operation of an S-N-S junc-
tion in the dirty limit. ' However, this is, to our knowledge,
the first report of such operation in the clean limit. By defi-
nition, (~ increases as temperature decreases and at a low
temperature (A- does not satisfy the clean limit condition
(l) j~) since l does not show a strong temperature depen-
dence below 4.2 K. However, it is noteworthy that (~ is no
longer a useful length scale when L((~.' The system can
be considered to be the clean limit also in this case.

When a large gate voltage is applied, the situation is dif-
ferent. Because both N, and p, decrease as the absolute value
of the gate voltage increases, i=fr~(27rN, )' /e decreases
more rapidly than (~. The crossover from the clean limit to
the dirty limit

I l(g~= (h, pN, /2kriTem *)'~ ] was observed
for a junction with L = 0.4 p, m. However, ballistic transport
(l)L) was still kept in the carrier concentration regime
(2X10 )N, )0.8X10' cm ) studied in this paper.

When the two top layers, InAlAs and InGaAs, were
etched gradually, N, of the 2DEG confined in the InAs layer
decreased since the band edge of the InAs layer was pulled
up to a higher energy position. When the two top layers
were finally removed, the 2DEG disappeared. The inserted

InAs layer was originally undoped. Therefore, the carrier
concentration in the InAs layer underneath the Nb electrodes
became very low, as shown in Fig. 1(b). As discussed in Ref.
15, the oscillation of I, requires a rigid boundary condition at
the 2DEG-S interface. The 2DEG structure discussed here
may satisfy this boundary condition and may result in the

I, oscillation. The InAs layer with a low carrier concentra-
tion between the 2DEG and the Nb electrode also explains
the contact resistance R&& discussed later.

Figure 2(a) shows the measured I, and Rz for a junction
as a function of the gate voltage Vg at T=0.74 K. The cou-
pling length L and the width W for the junction are 0.4 and
80 p, m, respectively. The I, of this type of junction structure
is very sensitive to a magnetic field and there was a residual
field around the junction. A small applied magnetic field was
needed to suppress the residual field. For each gate voltage
the maximum value of I, was therefore found by carefully
optimizing I, with the help of a small magnetic field (about
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FIG. 3. Critical current as a function of the carrier concentration
at 0.74 K. Small triangles in the figure denote the calculated peak
positions for L =L~=0.4 p, m. Arrows also denote ones for
L&=0.18 p, m.



1376 TAKAYANAGI, AKAZAKI, AND NITTA 51

25

20-

15-

10

(g) T = o.3 K.

0
~ ~

~ 0
~ ~

~ ~ ~

e ~ ~

1.0

0.9
~ W

0.8—
0

0.7

0.6

T =1.9K

I
I
I

I

I
(

I
I
s

I
I

I

~
I

measured
—- ——- theoretical

I
I

I
I

I
I

I

I

I

II ~ I ~

30-

25

20-

(b) T- ~omK

~0

~ ~
~ ~

~ ~

~OO '~j ~ ~ ~ t+

t

-3 -1 0 1

v (m&)

FIG. 5. Differential resistance as a function of voltage at 1.9 K.
The dashed line represents the calculated plot for A»=1.0 meV
and 2 =0.65. The calculation method is the same as that in Ref. 12.
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0.1 G) applied perpendicular to the 2DEG. Over the range
from 0 to —15 V, shown in Fig. 2(a), the magnitude of the
applied magnetic field which maximized I, was constant.
R& was determined as the differential resistance at a higher
bias voltage than 2b, /e, where b, is the energy gap of Nb.
The energy gap of bulk Nb is 1.5 meV, but we adopted 1
meV for the Nb electrode at the interface in our junction, as
shown in Fig. 5.

From the R&-Vg data and the relations

FIG. 4. Critical current as a function of the carrier concentration

(a) at 0.3 K and (b) at about 20 mK. At both temperatures I, oscil-
lations can be seen.

of V~ as shown in Fig. 2(a). On the other hand, Rz or N,
does not show such oscillations. This fact indicates the I,
oscillation is not due to the change in R&.

We will now discuss the experimental results of the I,
oscillations as a function of N, . The data in Figs. 2(a) and

2(b) lead to the I, N, charact-eristics as shown in Fig. 3.
Figures 4(a) and 4(b) are also the N, dependencies of I, ,
which were obtained in the same way but the measurement
temperatures were different [Fig. 4(a) for 0.3 K and 4(b) for
about 20 mK]. Clear oscillations of I, can be seen for every
temperature and the peak positions of I, for each temperature
are almost the same as those for other temperatures. This
indicates that the best explanation for these reproducible I,
oscillations is the interference of quasiparticles that undergo
Andreev as well as normal rejections.

First we discuss the period of the oscillations. According
to calculations, the local peaks of I, as a function of N, are
well approximated by

R~= 2Rwc+ Res ~

Res =L/e WN, p, ,

p, (XN, ,

N, as a function of Vs in Fig. 2(b) was obtained, where

R&& is the contact resistance at the S-2DEG interface and

R~s is the semiconductor channel (i.e., 2DEG) resistance. As
discussed above, R&& originates in the InAs layer with a low
carrier concentration between the 2DEG and the Nb. Another
origin for R&& is the wave-number discrepancy between the
superconductor and the 2DEG, which causes normal
reflection. R~& is assumed to be constant at 1.13 A, which
is calculated from the relations shown in Eq. (1) and N, of
1.98X 10 cm, p, of 73 800 cm /V s for the 2DEG at 4.2
K and Vg=0. We determined p, and N, for the 2DEG by
SdH measurement with changing N, and confirmed that p,
depends on N, in the relation p, (x N, where y is 1.

In general, the I,R& product of a superconducting weak
link is almost constant when the change in I, or R& is small.
Therefore, if R& oscillates with a period of Vg, I, oscillates
with the same period. I, shows clear oscillation as a function

2N, m„= 2N.
Lw

(2)

The integer N is half the number of the quasiparticle
states with "resonant" values of kY, defined by the maxima
of cos[2(k„—k )' L~], where k~ is the Fermi wave number
given by (27rN, ) ~ and k is the wave number of the Y
direction, which is perpendicular to the current direction x.
Lz is the distance the electron (hole) moves between the first
normal refiection and the second one [Fig. 1(c)]. When a
peak of I, has N, the next smaller one has N —1 and the next
larger one has N+ 1. First we calculated the peak positions
of I, for L&=0.4 p, m. The calculated results did not agree
with the experimental ones. In Fig. 3 the calculated peak
positions for L&= 0.4 p, m are shown by small triangles. Then
we calculated peak positions by changing L&. The best fit-
ting to the experimental data was obtained for L&=0.18
p,m. The arrows in Fig. 3 show the calculated positions for
L~= 0.18 p, m. This good agreement shows the I, oscillation
as a function of N, obtained in this study is due to the inter-
ference effects predicted by Chrestin et al. It is not so clear
why the calculated L& is shorter than the actual L=0.4
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p, m. It is probably due to the fact that real length of the
2DEG in the structure shown in Fig. (a)1 is shorter than L
and L& also becomes shorter than L.

Next we discuss the amplitude of the oscillation AI, .
According to the calculation, AI, becomes larger with in-

creasing N, when the barrier strength at the interface (Ref.
22) Z, is not zero. The calculation also shows that AI, in-
creases when temperature decreases. For every temperature,
AI, showed an increase with increasing N, as shown in Figs.
3 and 4. This is because Z=0.65 for the measured junction
as discussed later. The temperature dependence of AI, seen
in Figs. 3 and 4 is not so clear, since even T= 0.74 K is low
enough to give a long (A" compared with L&. The theory
shows that b,I, decays asymptotically as exp( —2L&/(&).
This means that AI, has a temperature dependence of
exp[ —

2Ltt /gN(T)]. AI, for the first peak in Figs. 3 and 4
are -0.7 p,A for 0.74 K, -0.9 p,A for 0.3 K, and —1.0
p,A for 20 mK. These values give a ratio of 1:1.3:1.4, which
agrees with the calculated ratio of 1:1.2:1.3 obtained from
exp[ 2Ljv/(—~(T)]»d L~=0.18 pm.

The ratio, AI, /I, , in Figs. 3 and 4 is very small com-
pared with the theoretical results. The calculation for I,-N,
was carried out for the rigid boundary condition (i.e., L is
fixed). On the other hand, the actual L for the measured
junction fluctuates spacially and so does L&. It is considered
that AI, is suppressed because of the L& fluctuations. How-
ever, if L& fluctuates specially with a fine period in the y
direction and with a scale like XF in the x direction, AI, is
strongly suppressed. Here, kF is the Fermi wavelength (e.g. ,

k+= 18 nm at N, = 2 X 10' cm ). Ltv probably changes
smoothly in the x and y direction, resulting in measurable
AI, . There is another reason that the I, oscillation could be
observed in our junction. The theory shows the oscillation
becomes more pronounced with increasing Z since the nor-
mal reflection increases and Andreev reflection decreases
with increasing Z, where Z is the barrier strength at the
S-2DEG interface. As shown in Fig. 5, we measured
d V/dI Vc-haracteristics for the junction and obtained
Z=0.65 by comparing with the calculation taking into ac-
count of multiple Andreev reflections. This Z value reduces
the amplitude of I, but makes the amplitude of the I, oscil-
lations more pronounced.

In summary, the critical current for a superconductor—
2DEG—superconductor in the clean limit was measured. The
critical current showed oscillations as a function of the car-
rier concentration of the 2DEG. This result is the clear evi-
dence that the oscillation is due to the interference effects of
the quasiparticles that undergo Andreev as well as normal
reflections. It is shown that the interference effects play an
important role in the superconducting transport of an S-N-S
junction not only in the dirty limit but also in the clean limit.
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