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Evaluation of the vortex core size in gate-tunable Josephson junctions in Corbino geometry
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We report on electron transport in gate-tunable Corbino-geometry Josephson junctions (CJJs) fabricated from
an epitaxially grown Aluminum (Al) superconductor on an InAs quantum well. We observed that a supercurrent
can be tuned by the gate voltage and sweeping an out-of-plane magnetic field initiates a sudden rise in the
electrical resistance. From the analysis using a theoretical model for flow resistance due to Josephson vortices
in ClJs, we evaluate the vortex core size, which substantially depends on the carrier density and temperature.

These results will be subsequently utilized for future operations of the Josephson vortices in CJJs.
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The superconducting correlation in two superconductors is
weakly linked by the Josephson effect through thin insulators
or metals [1,2]. In particular, when a normal metal connects
two superconductors, the superconducting correlation pene-
trates into the normal metal owing to the superconducting
proximity effect. The critical current through long rectangular
Josephson junctions oscillates with magnetic fields, generat-
ing a Fraunhofer diffraction pattern [3]. This response can be
explained using the entries of Josephson vortices [4-6] into
the junction. Josephson vortices are analogous to Abrikosov
vortices in type-1I superconductors [2,7]. Recently, interest in
the Josephson vortices has been revived because some theories
have proposed a Majorana fermion (MF) as a localized state
at the center of the vortex in proximity-induced superconduc-
tivity in topological insulators [8—12].

A strategy for electrical control and evaluation of Joseph-
son vortices is to utilize a Corbino-geometry Josephson junc-
tion (CJJ); a circular junction between the inner and outer su-
perconducting electrodes. The vortices in a CJJ should be con-
fined in the junction. Additionally, the vortices can be driven
by an electric current via the Lorentz force which enables
them to swap positions [13,14]. Some theoretical studies pro-
pose the braiding operation of MFs using ClJs of topological
insulators based on the electrical control of the Josephson vor-
tices [15—17]. The real-space structure of the core was previ-
ously observed by a scanning tunnel microscope measurement
in a Pb island junction [6]. Additionally, the vortices in the
planar Josephson junction have been studied in electron trans-
port using magnetic force microscopy [18]. However, there
is only one experimental report of the supercurrent and its
magnetic field dependence in CJJs of Nb/Cu/Nb [13] while
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the normal electron transport in the Corbino geometry de-
vices have sufficiently been studied experimentally [19-22].
Further studies are necessary to reveal the superconducting
transport in CJJs and control the vortices in them. Evaluation
of the properties of Josephson vortices in CJJs will provide
important information which can later be used in topologically
nontrivial systems to study the MFs in the vortex cores.

Here, we show the experimental results of gate-tunable
ClJs fabricated in a heterostructure of epitaxially grown thin
aluminum (Al) film/InAs quantum well. We succeeded in
the gate tuning of the supercurrent flowing through the ClJs.
We observe that the supercurrent suddenly disappears, and
a finite resistance emerges when the magnetic field is swept
from zero. The emergence of the resistance can be explained
using a theoretical model of flow resistance of the vortices.
Thereafter, we evaluate the core size from the magnetic field
dependence of the resistance and the obtained results strongly
depended on the gate voltage and temperature. Our results
imply that operations on the Josephson vortices may, in future,
be achieved through gate and temperature control.

The device studied is fabricated from an epitaxially grown
10-nm-thick Al film on InGaAs/InAs (two-dimensional elec-
tron gas)/InGaAs/InAlAs on an InP substrate, which gives
a highly transparent interface between Al and the two-
dimensional electron gas [23-25]. Using selective wet etch-
ing, we first formed circular junctions which define an inner
Al electrode and an outer Al electrode. The schematic image
of the top view of the circular junction is shown in the lower
panel of Fig. 1(a). The fabricated circular junction has a
100-nm gap between the two Al electrodes and a radii of 10
pm. Carrier density n of the InAs quantum well after remov-
ing the Al layer is n = 9.0 x 10'' /cm? [26]. We thereafter
cover the device with cross-linked polymethyl methacrylate
(PMMA) [27] except at the center of the inner Al electrode.
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FIG. 1. (a) A schematic image of the cross section of the fabri-
cated CJJ is shown in the upper panel. The view from above is in the
lower panel. (b) An optical image of the CJJ. The scale bar is 10 pm.
(c) The differential resistance at 0.3 K as a function of bias current
at several V, in the range of —1.0 V < V, < 5.5 V. The y axis shows
the data for V, = 5.5 V; the other data are incremented upward by
2.5 Q. The supercurrent region shrinks as V, reduces.

The gate electrode of Ti/Au is fabricated atop this first
crosslinked PMMA layer. Next, we again coated the cross-
linked PMMA on the gate electrode. Finally, we made two
Ohmic contacts on the center of the inner Al electrode through
the contact on the two-dimensional electron gas where there
is no cross-linked PMMA. A schematic image of the cross
section of the fabricated CJJ is shown in the upper panel of
Fig. 1(a). As for the outer electrode, the wire bonding was
performed on the Al pads connected to the outer electrode.
An optical image of the real fabricated device is shown in
Fig. 1(b). This characteristic structure permits the measure-
ment of the electron transport in the CJJ using a four-terminal
method with a gate control of carrier density in the junction.
We measure the differential resistance of the fabricated CJJs
using a standard lock-in technique in a He3 refrigerator, at a
base temperature of 0.3 K.

Figure 1(c) shows the dV/dI as a function of DC bias
current at several gate voltages V,. dV/dl = 0 Q indicates the
supercurrent flowing from the inner to the outer Al. The bias
current where the dV/dI starts to finitely increase from 0 €2
gives the switching current at each V,. As V, becomes more
negative, the switching current decreases and finally vanishes.
This implies that the supercurrent flows through the InAs
quantum well and the gate control of the CJJ is achieved. We
note that the product of the critical current and the normal
resistance is approximately 15 wV, which is less than the
typical value in the epitaxial Al Josephson junctions [24]. The
Al/InAs interface can be degraded in our fabrication process
without a protection layer such as the atomic layer deposition
(ALD) grown Al,O; layer but not too much to make the
Josephson current strange.

We applied an out-of-plane magnetic field, B, to the CJJs
and swept from —6 to 9 mT and back to —6 mT while
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FIG. 2. (a) dV/dI as a function of magnetic fields and bias
current when the magnetic field is swept from 9 to —6 mT. This
result is obtained at V, = 5.5 V. (b) The same as (a), except for the
sweep direction. (c),(e), and (g) indicate dV/dl atV, =3.0 V, 1.0V,
and —1.5 V, respectively, when the magnetic field is swept from 9 to
—6 mT. (d), (f), and (h) indicate the same as (c), (e), and (g) with the
opposite sweep direction.

measuring dV/dI as a function of bias current. Figure 2 shows
dV/dlI as a function of B and bias current at some V, when B
is swept from 9 to —6 mT, and from —6 to 9 mT. The size of
the supercurrent regions corresponding to the blue regions in
Fig. 2 is reduced as V, decreases because the switching current
decreases as the carrier density decreases. Comparing the two
panels obtained at the same V; but opposite B sweep direction,
we notice that the supercurrent regions approximately exhibit
a right-triangle configuration, which is antisymmetric with re-
spect to the line of B = 0 mT. This means that Fig. 2 indicates
the sudden appearance of a resistance on the right and left of
the B = 0 mT in the right and left panels, respectively.

When there is a finite number of vortices in the CJJ,
the flow resistance is generated. Correspondingly, dV/dI is
expected to be 0 when no vortices are embedded in the CJJ. As
the vortex number increases, the flow resistance also increases
and finally saturates to the normal resistance. Thereafter, we
anticipate that the supercurrent region will be defined by a
magnetic field to generate one flux quantum in the junctions;
however, the magnetic field width of the supercurrent region
in Fig. 2 is significantly larger than 0.6 mT, which corresponds
to one flux quantum calculated from the junction area. This
implies that the vortices existing in the CJJ are strongly
trapped and cannot be driven by the electric current in case
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FIG. 3. (a) dV/dI versus magnetic field without bias current. The
solid lines represent the numerical calculation results. (b) Evaluated
R/l and [ as a function of V,: red circles for R/l (left axis) and blue
triangles for / (right axis), respectively. (c)The core size as a function
of vortex number N evaluated at different gate voltages. A larger N
or V, corresponds to a smaller core size.

of B > 0.6 mT when the field is swept from the positive to
the negative, and B < —0.6 mT in the opposite sweep. We
attribute this hysteresis to inductance of the outer supercon-
ductor. The inductance prevents the flux from moving out or
in the superconducting loop. The hysteresis can then occur
as well as the rf SQUID (Superconducting QUantum Inter-
ference Device). The inductance changes only the transition
point where the fluxes exit or enter.

We now focus on the rise of dV/dI. For the understanding
of further details, we indicate the line profiles of dV/dI
versus B swept from B = 9 mT to B = —6 mT with no bias
current in Fig. 3(a). Purple, green, yellow, and red circles of
Fig. 3(a) correspond to the experimental results of dV/dI at
Ve =5.5,3.0,1.0, and —1.5 V, respectively. For clarity, the
results are presented as a semilog plot. The sudden rise of
dV/dI can be recognized at B < O mT for all the curves. In
addition, as V, increases, the slope of the sudden rise becomes
steeper. The fine fluctuation on all traces of Fig. 3(a) can be
assigned to the effect of trapped flux or Pearl vortex [28].

Here, we introduce a theoretical model for the flow resis-
tance of the vortices in the CJJ [14]. The finite resistance can

be given by
dv/dl =r,/\/1+ (R/NI)?, 1)

with resistance r, in the normal state, radii R = 5 um of the
CJJ, and the vortex number N [14]. Here, / is an important
parameter to characterize the spatial variation of the gauge-
invariant phase in the CJJ, and therefore, to determine the core
size. According to the theoretical paper [14], the core size,
Reore, can be calculated as

R

4R * R
Reore = ~ arctan 1+ —

N @

NI

In the limit of NI < R, the core size Ry 1S approximately
obtained as 2/, implying that the core is so small that there is

no dependence on N and R. Meanwhile, R is approximately
R/N in the limit of NI > R. In this case, the core size
is determined by the circumference length divided by the
number of embedded vortices, which implies that the vortices
overlap among themselves.

This representation is only appropriate when the Pearl
length, i.e., the penetration depth in a thin superconductor,
is longer than R. In our CJJ, the junction region is not
directly connected to the Al electrodes, but coupled to the
proximity region which is the InAs quantum well beneath the
Al electrodes. The superconducting properties in the junction
between the proximity regions is characterized by proximity-
induced superconductivity. Therefore, we calculated the Pearl
length of the proximity-induced superconductivity and ob-
tained A = 2m/uone* = 170 um with InAs effective mass m
and elementary charge e [29]. u is the vacuum permeability.
We note that this A is long compared to R, implying that the
model for the flow resistance in the CJJs can be applied in our
experiment.

We note that the magnetic field induced in the CJJ should
be quantized because the circular junction is surrounded
by the outer superconducting electrode. Therefore, the flow
resistance versus magnetic field plot should follow a step
function, corresponding to the one-by-one entry of vortices.
Meanwhile, the measured results in Fig. 3(a) do not show
such step-shaped dependence. We infer that this is because
the fluctuation assigned to a fingerprint of the Pearl vor-
tices hides the expected step-shaped dependence. Therefore,
we approximate Eq. (1) using B=N®y/S. § =0.1 um x
m x 10 um is the area of the circular junction, resulting in

avydl = r,/\/1+ (%)2. ®d( is a magnetic flux quantum
h/2e. We performed the numerical fitting with », and R/!

as free parameters. The calculated results presented as solid
lines in Fig. 3(a) reproduce well the experimental results for
B < 0 mT. The evaluated R/Il and [ are indicated as red and
blue squares in Fig. 3(b), respectively. R/l decreases and [
increases as V, reduces, as expected, because [ is written
as ®oR/2uoAl. [14] and I. decreases for the reduced V,
[see Fig. 1(c)]. In Fig. 3(b), R/! is 2.2 and [/ is 2.3 um at
Ve=355V.

We evaluate the core size Rqoe by substituting the es-
timated / at some V, into Eq. 2. The evaluated core sizes
as a function of N are plotted as the squares in Fig. 3(c).
The core size in the limit of R < NI (equal to wR/N) is
also represented in Fig. 3(c) as the gray line. The core size
is always less than wR/N. A smaller gate voltage results
in a longer core size because a longer [ gives Reore X 1/N
and a shorter /| weakens the dependence on N. As the
core size approaches mR/N, the vortices begin overlapping
among themselves. According to the theoretical paper [14],
the shape of the vortex will be extended in the circumferential
direction.

We fabricated and measured another CJJ device using the
same geometry. Figure 4(a) indicates the dV/dI as a function
of the bias current and magnetic field with opposite sweep
directions and at various temperatures 7 = 0.3, 0.5, 0.7, and
0.9 K. We tuned V, such that the switching current at 7 =
0.3 K assumes a similar value (about 3 ©A) to that in the first
device at V, = 5.5 V. We observed similar features to those
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FIG. 4. (a) dV/dI as a function of magnetic field and bias current
obtained at 7 = 0.3, 0.5, 0.7, and 0.9 K. (b) R/ and [ as a function
of T: red circles for R/l (left axis) and blue triangles for / (right
axis), respectively. (c)The core size as a function of vortex number N
evaluated at various temperatures. A larger T' corresponds to a bigger
core size.

in Fig. 2, such as the supercurrent region shaped as a right
triangle with a huge hysteresis and the sudden appearance of
resistance assigned to flow resistance of the Josephson vor-
tices [see Figs. 2 and 3(a)]. As T increases, the supercurrent
region shrinks as shown in Fig. 4(a). In a similar manner as
performed for the first device in Fig. 3(b), we estimated R/!
and [ at each temperature. The obtained R// and [/ versus T is
shown by the red and blue squares in Fig. 4(b). As T increases,
| becomes longer. For example, [ is 1.3 um at T =0.3 K
which is less than R.

From the obtained parameter, we estimate the core size
as a function of N at 0.3, 0.5, 0.7, and 0.9 K and plot it in
Fig. 4(c). The core size at 0.3 K is significantly less than 7 R/N
and less dependent on N, reflecting the short ! compared to
R. Therefore, we notice that the vortices in N < 4 or 5 are
localized at one point and do not spread in the entire CJJ.
On the contrary, the vortices at 0.9 K seem to overlap among
themselves.

Our results indicate that R/l can be controlled by V,
and 7, i.e., we can control the core size and the degree of
vortex overlap. Next, for making the well-localized vortices,
i.e., well isolated MFs in the CJJ of topological insulators,
higher carrier density, and lower temperature are required.
This knowledge will be useful in designing the CJJ device for
the demonstration of the MF braiding. In addition, we used
very thin Al films as superconducting electrodes for making a
high quality interface. However, Pearl vortices can readily be
induced in the thin Al layer and the effect would be included
in our results. Therefore, it is anticipated that the step function
behavior of dV/dI as a function of the magnetic field may be
obtained in the CJJ with thicker Al films.

In summary, we fabricated the gate-tunable CJJs from a
wafer of epitaxial Al on an InAs quantum well. We observed
the supercurrent through the ClJs, and we succeeded in the
gate control. We found that the magnetic field dependence is
triangular shaped with significant hysteresis against the sweep
direction. In addition, we observed a finite resistance suddenly
emerging from zero resistance in the supercurrent region as
the field is swept. We explained the rise of the resistance with
a theoretical model for the flow resistance of the vortices in
the ClJs. From the analysis of the model, we estimated the
vortex core size which becomes larger as V, decreases and
T increases. These results demonstrate that the core size is
controlled by gate voltage and temperature. This paper gives
essential information and methods for future studies of the
Josephson vortices in the CJJs.
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