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Recently, a Corbino-geometry type of Josephson junction constructed on the surface of topological insulators has been
proposed for hosting and braiding Majorana zero modes. As a first step to test this proposal, we successfully fabricated
Corbino-geometry Josephson junctions (JJs) on the surface of BiyTes flakes. Ac Josephson effect with fractional Shapiro
steps was observed in the Corbino-geometry JJs while the flux in the junction area was quantized. By analyzing the
experimental data using the resistively shunted Josephson junction model, we found that the Corbino-geometry JJs exhibit
a skewed current—phase relation due to its high transparency. The results suggest that Corbino-geometry JJs constructed on
the surface of topological insulators may provide a promising platform for studying Majorana-related physics.

Keywords: Corbino-geometry Josephson junction, topological insulator, ac Josephson effect, fractional

Shapiro steps
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1. Introduction

Majorana zero modes (MZMs) are believed to obey non-
Abelian exchange statistics, a preparty that can be used for
implementing topological quantum computing.!'#! It is pre-
dicted that MZMs exist at the boundaries of p-wave super-
conductors or p-wave-like hybrid superconducting systems,
the latter are composed of s-wave superconductors and the
materials with strong spin—orbit coupling such as topolog-

6-8] etc.

ical insulators,! certain semiconductor nanowires,!
Experimental evidence for the existence of MZMs has been
found, including the observations of zero-bias conductance

9-13]

peak, | complete energy gap closure in line Josephson

[14] U5] constructed on the sur-

junctions (JJs)!'*! and trijunctions
face of BiyTes, skewed current-phase relation (CPR),[1¢ etc.
But the braiding operation of MZMs is yet to be realized.
Among various schemes for hosting and braiding MZMs,
the one proposed by L. Fu and C. L. Kane in 2008 using topo-
logical insulator-based JJs has the advantages in simplicity and
scalability,®! i.e., no additional magnetic field is needed to
drive the system into the topologically-nontrivial regime, and
the number of qubits can be scaled up in two dimensions via
surface coding.!!”! Within the Fu-Kane scheme, there is a par-

ticular theoretical proposal that is further worthy to investigate
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— hosting and braiding MZMs in Corbino-geometry JJs con-
structed on the surface of topological insulators.!'$1°1 Previ-
ously, Corbino-geometry JJs constructed on topologically triv-
ial materials have been studied.?*?!! Due to the Meissner ef-
fect and superconducting screening, the magnetic flux entering
into the outside ring of the Corbino-geometry JJ is quantized,
leading to a magnetic field dependence of critical supercurrent
different from the common Fraunhofer pattern of a traditional
JJ. By constructing Corbino-geometry JJs on topological ma-
terials, besides their advantages in hosting and manipulating
MZMs as proposed by the theorists, the noise sector from
magnetic field fluctuation, which could have huge impact on
the phase coherence time of the qubits, can be shielded. In
addition to providing magnetic shielding, the Corbino geom-
etry can also isolate the Andreev bound states (ABSs) of the
JJs from the external environment, thereby reducing the quasi-
particle poisoning rate to the parity of the quantum states.
Given these advantages, Corbino-geometry JJs constructed on
the surface of topological insulators might serve as a promis-
ing platform for hosting and braiding MZMs, studying their
non-Abelian exchange statistics, and for implementing topo-
logical qubits.

In this work, we successfully fabricated Corbino-
geometry JJs on the surface of Bi;Tes topological insulator.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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Column-like distribution of critical supercurrent with varying
magnetic field, rather than standard Fraunhofer pattern, was
observed. When microwave irradiation was added, fractional
Shapiro steps appeared on the current—voltage characteristics
of the JJs. The results indicate that these Corbino-geometry
JJs are highly transparent, with a skewed CPR that is in favor
of the existence of MZMs in the devices.

2. Experimental setup

Figure 1(a) shows the false-color scanning electron mi-
croscopy image of one of the Corbino-geometry JJs. Two su-
perconducting electrodes made of Al/Ti (80 nm/5 nm) were
evaporated to the surface of a Bi,Te; flake of ~ 60 nm
in thickness, to define a proximitized superconductor-TI-
superconductor JJ in a Corbino geometry. An insulating layer
of overexposed polymethyl methacrylate (PMMA) was fabri-
cated to cover the device except for leaving a window on the
central electrode of the JJ. Through the window the central
electrode was bombarded in situ with argon ions to remove
the surface oxide layer, then an additional superconducting Al
arm (~ 100 nm thick) was deposited, realizing superconduct-
ing contact with the central electrode. Figure 1(b) illustrates
the cross-section view of the device, together with the quasi-
four-probe electron transport measurement configuration. The
measurements were carried out in a dilution refrigerator with
a base temperature of ~ 20 mK.

In this paper, we will first present and discuss the mag-
netic flux dependence of the I;—Vj characteristics (IVC) (where
Iy is the dc bias current passing through the JJ, and Vj is the
voltage drop across the JJ). Then, we will present and discuss
the data of ac Josephson effect.

Fig. 1. (a) False-color scanning electron microscope image of the Corbino-
geometry JJ used in this experiment. The radius of the inner electrode Rjpner
is ~ 200 nm, the junction length L is ~ 200 nm, and the width of the outer
electrode W is ~ 300 nm. (b) Illustrations of the cross-section of the device,
together with the configuration for differential resistance measurement.

3. Results and discussion

3.1. The Josephson supercurrent in the presence of integer
number of flux quanta penetration

First, we measured the differential resistance dV;/dl
between the two superconducting electrodes of the Corbino-
geometry JJ as a function of magnetic field B and bias current

Iy at the base temperature. The result is shown in Fig. 2, where
the bias current Iy was swept from the bottom to the top, and
the magnetic field B was swept from the left to the right. The
white areas in the figure represent the zero-resistance state.
The pattern is asymmetric in the vertical direction, due to the
existence of hysteresis in the IVC as is commonly seen for JJs
constructed on the surface of topological insulators.!'*l The
envelope of the zero-resistance state forms a series of columns
with different heights, when the magnetic field is varied. The
period of the pattern is roughly AB = 23.34+3.1 Gs.

dVy/dIy ()

e~ —— 20
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:: i >
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Fig. 2. The measured differential resistance dV;/dIy as a function of
bias current /; and magnetic field B. The white areas represent the
zero-resistance state, which has a column-like envelope due to quan-
tized flux penetration into the Corbino-geometry JJ. The central column
corresponds to zero flux penetration (n = 0). The high-n columns corre-
spond to integer number of flux quanta (n¢p) penetration. The non-zero
critical supercurrents at high-n columns are caused by the nonunifor-
mity of supercurrent density and phase in the junction.

Due to Meissner screening, the flux penetrated into the
junction area from the outer ring of the Corbino-geometry JJ
must be quantized, ¢ = n¢@y, where n is an integer number,
@0 = h/2e is the flux quantum with the Cooper pair of charge
2e, and h is the Planck constant. The effective area corre-
sponding to AB can be estimated as Sefr = ¢9/AB = 0.89 pum?.
This estimated area is in good agreement with the effective
area of the outer ring: § = 72 = 1 x 0.55% pm? = 0.95 pum?,
where r is the radius of the outer ring at its half width.

It should be pointed out that the envelope of the zero-
resistance areas in Fig. 2 is not consistent with the standard
Fraunhofer pattern of a diffusive JJ even after considering flux
quantization. Following the conventional mechanism of the
Fraunhofer pattern, for an ideal Corbino-geometry JJ the crit-
ical supercurrent should be all zero, except for the central col-
umn where no magnetic flux is penetrated into the junction
area (n = 0). We attribute the non-zero critical supercurrent
in high-n columns (corresponding to n¢gy flux penetration) to
the nonuniform distribution of the supercurrent density in the
junction. The spatial (i.e., directional) dependence of the crit-
ical supercurrent density can be obtained by discretizing the
inverse Fourier ransform of the envelope of critical supercur-
rent versus quantized magnetic flux. The result shows that the
spatial nonuniformity of the supercurrent density in the mea-
sured Corbino-geometry JJ reaches ~ 9% (see Part I of the
supplementary materials for the detailed estimation).
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3.2. Ac Josephson effect and fractional Shapiro steps

In the presence of rf irradiation, there will be Shapiro
steps on the IVC of a JJ, due to mode-locking between the rf
frequency and the Josephson frequency caused by ac Joseph-
son effect. Figure 3(a) shows the dV;/dl; and the IVC of
the JJ measured with microwave irradiation at a frequency of
f =3.5 GHz (corresponding to hf /2¢ = 7.3 uV) and a power
of Pt = —7.5 dBm. The IVC is obtained by numerically inte-
grating the dV;/dlIy vs. Iy curve. Integer Shapiro steps on the
IVC, corresponding to the dips on the dV;/dly vs. Iy curve,
can be clearly seen. Surprisingly, on the dV;/dI; vs. Iy curve
in Fig. 3(a) there are also small dips between the main dips,
leading to the emergence of half-integer steps between the in-

4 4
. (a)
S 3 2 9
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=< =
o 2 0 <
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=1 DS
9%~ =5 0 5 10 15+
Iy (pA)
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dV;/dIy (arb. units)

teger ones.

Figure 3(b) shows the measured differential resistance
dVj/dl as a function of Iy and rf current L o< /By, the lat-
ter was applied to the junction through a coaxial cable with an
open end as the antenna. Iy was swept from —30 pA to 30 pA,
and the microwave power Py was swept from —20 dBm to
5 dBm, at a frequency f = 3.5 GHz. The white areas in
Fig. 3(b) correspond to the Shapiro steps on the IVC. Besides
the integer Shapiro steps which appear in relatively large white
blocks, one can also notice that there are small white blocks
between the large ones, contributing to the fractional Shapiro
steps on the IVC. The evolution of the fractional steps even
shows a twisted knot structure with varying microwave power.

(c)

dVj/dI; (arb. units)

Fig. 3. (a) Differential resistance dV;/dI (black curve) of the Corbino-geometry JJ as a function of bias current /5, measured in the presence of
microwave irradiation at a frequency of f = 3.5 GHz and a power of Py = —7.5 dBm. The data are from the linecut in (b) marked by the dashed
line. The IVC (red curve) of the junction obtained by numerically integrating the dVj/dl; data. The dips on the black curve correspond to the
Shapiro steps on the IVC. Not only integer steps but also half-integer steps can be resolved. (b) dVj/dly as a function of dc bias current Iy and rf
current ;¢ at a microwave frequency of f = 3.5 GHz. Both integer Shapiro steps (represented by relatively large white blocks) and half-integer steps
with twisted knot structures (small white blocks) are clearly visible. (¢) The simulated IVC (red) and dV;/dIy vs. Iy curve [black, a linecut along
the dashed line in (d)] by using the RSJ model and with a skewed CPR containing high harmonic terms of supercurrents. Fractional steps emerge
on the curves, supporting that the presence of high harmonic supercurrents in CPR can lead to the emergence of fractional steps. (d) Simulated ;
and s dependence of dV;/dIy, demonstrating integer and fractional Shapiro steps and the twisted knot structures mimicking those in (b).

To verify that the steps on the IVC are integer and half-
integer Shapiro steps, we measured the microwave frequency
dependence of the voltages of the 1%t and 2" steps. The results
are shown in Fig. 4(a). The positions of the steps follow a lin-
ear law extrapolatable to the origin of the coordinates, with
slopes close to 1/2 and 1, respectively, confirming that the 1%
and 2" voltage steps on the IVC are half-integer and integer
Shapiro steps due to ac Josephson effect.

Being Shapiro steps, their positions should not change
with microwave power P. In Fig. 4(b), we replot the dV;/dly
data in Fig. 3(b) as a function of V; and Ii¢, where Vj is obtained
through integrating the dVj/dly vs. Iy curves. Now, the white
lines in Fig. 4(b) correspond to the Shapiro steps. Both integer
and half-integer steps can be resolved. While there are small
wiggles on the position of the steps, presumably caused by the
errors introduced during integrating the discrete data points,
the average positions of the steps are power-independent. The

discontinuity of the half-integer steps with varying I corre-
sponds to the twisted knot structures in Fig. 3(b).

Now, let us discuss the possible origins of the half-
integer steps. It is well known that the chaotic behavior ex-
isted in underdamped JJs may trigger bifurcations and sub-
harmonic mode-locking, thus leading to the appearance of
fractional steps, when the Stewart—-McCumber parameter § =
4AmeR%I.C /his larger than 1, where R is the junction resistance,
C is the junction capacitance, and I the critical supercurrent
of the junction. For our Corbino-geometry JJ, the capacitance
C = 0.1 {F can be estimated via electrostatic field simulations,
and the resistance R ~ 4 Q and critical supercurrent I, ~ 20 uA
can be obtained from the experimental data, so that we have
B ~0.971 x 107*. In this B < 1 regime, it can be concluded
that there will be no chaotic behavior in our device.

Another possible origin of the half-integer steps is asso-
ciated with the existence of high harmonics in the CPR. In
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the overdamped limit (i.e., the B < 1 regime), the RSJ model,
which describes the behavior of a JJ under microwave irradia-
tion, can be simplified as
h¢

4meR
where ¢ is the superconducting phase difference across the JJ,
Is (@) is the supercurrent described by the CPR, Ij is the dc
bias current, and L o< /Py is the rf current due to microwave

—|—IS ((p) :IJ —|—IrfSin(27rfrft), (1)

irradiation. By assuming a simple skewed CPR containing
high harmonic terms: Is (@) /I. ~ sin(¢) — 0.185sin (2¢) +
0.125sin (3¢), and letting Ii¢/I. = 3, we can simulate the ex-
perimental data in Figs. 3(a) and 3(b). The results of simula-
tion are shown in Figs. 3(c) and 3(d). They qualitatively cap-
ture the main features of the experimental data without fine
tuning the parameters, undoubtedly demonstrating that the in-
clusion of a high harmonic term in the CPR can lead to frac-
tional steps on the IVC.

2 T . x
0 O Step 1 (a)
—— Step 1-fitting
151 * Step 1/2
—— Step 1/2-fitting
S
= 10}
S
5 L
O I I I
0 5 10 15 20
hf/2e (uV)
10 ~
0 c
Q -
~
< =
= 0 3

1.1
I¢ (arb. units)

Fig. 4. (a) The voltage positions of the 1% step (step 1/2) and the 2" step
(step 1) as a function of microwave frequency hf/2e, demonstrating a
linear law extrapolatable to the origin of the coordinates, with slopes of
0.504 +£0.014 and 1.016 £ 0.027, respectively. (b) Same dV;/dIy data
as in Fig. 3(b), but plotted as a function of voltage V; and rf current
Iis. The white lines correspond to the Shapiro steps. Both integer and
half-integer steps can be resolved.

The appearance of high harmonic terms in CPR is asso-
ciated with the high transparency of the JJs. According to the
theory,[*?! the CPR of a JJ is generally a function of the trans-
mission coefficient D:

Is(p) = nerI(ei)

sin ()
1 —Dsin? (¢/2)

x tanh @ka)\/l —Dsin2(<p/2)) ., @

where A is the induced superconducting energy gap of the

proximitized JJ. For traditional JJ in the non-transparent limit

(D — 0), the CPR is reduced to the conventional sinusoidal

form: Is (¢) = I sin¢p where I, = ”ﬁlg) tanh (%BTT)). For JJs

in the transparent limit (D — 1), on the other side, the CPR

has the following form:

sin (¢ /2) tanh (gk(BT]}

Is(p) = mA(T)

o ws(o/2).

which is skewed at low temperatures. By performing discrete
Fourier transform on Eq. (3) and taking A (7)) = 0.2 meV, T ~
20 mK, we can get the CPR of our Corbino-geometry JJ with
the first few harmonics: Is (@) /I, ~ sin(¢) — 0.39sin (2¢) +
0.25sin(3¢)---. It can be seen that, in addition to the second
harmonic term which leads to the half-integer steps as shown
in Figs. 3(c) and 3(d), there should also have third and higher
harmonic terms. The third harmonic term should lead to 1/3
and 2/3 fractional steps between the integer ones. Indeed, ev-
idence for these fractional steps can be found in our data, and
is presented in Part II of the supplementary materials.

In the above, we attributed the presence of the frac-
tional Shapiro steps to the high transparency of the Corbino-
geometry JJs deposited on the surface of a topological in-
sulator. Usually, the high transparency in proximitized JJ
is associated with the high electron mobility in the mate-
rial that the JJ is constructed, the junctions based on InAs

5,123 graphene?¥ and three-dimensional topological

nanowire;
insulator HgTe[? are some examples. In the present exper-
iment, the measured Hall mobility of the electrons in topo-
logical insulator Bi,Tes is only ~ 1000 cm?/V -s,[2627] pe-
ing much lower than that in the materials mentioned above. A
possible explanation for having unusually high transparency is
that, there are two types of conduction channels, and accord-
ingly two different CPRs, in the JJ constructed on the surface
of topological insulator Bi;Tes. One is the bulk-electron con-
duction channel with relatively low electron mobility[>627] as
probed by the Hall mobility measurement. The other is the
surface electron conduction channel with relatively high elec-
tron mobility, due to time reversal symmetry protected sup-
pression of electron backscattering on the surface of topolog-
ical insulators. The surface channel contributes to the high
transparency of the JJ. In fact, the existence of highly trans-
parent surface channel, which leads to a fully skewed CPR
and complete minigap closure in JJs constructed on the sur-
face of topological insulators, has already been demonstrated
previously. 14131

There is one additional reason why the ac Josephson ef-
fect with fractional steps is easier to be observed in Corbino-
geometry JJs than in traditional line JJs — unlike in line
JJs there are two ends which cause dissipations, Corbino-

geometry JJs has no such ends, hence being less dissipative.
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4. Summary

In summary, we have successfully constructed Corbino-
We
characterized the critical supercurrent of the JJs as a func-

geometry JJs on the surface of topological insulators.

tion of magnetic field, and studied the rf current dependence
of the IVC. Ac Josephson effect with fractional steps was
observed. The results indicate that the CPR of Corbino-
geometry JJs constructed on topological insulators is skewed,
containing high harmonic terms, supporting that these JJs are
highly transparent. The appearance of fractional steps, which
are not observed before in line JJs constructed on the same
type of topological insulators, are probably benefited from the
Corbino-geometry structure, which protects the electrons in
the junction area from the electrical dissipation and magnetic
noises from the outside. For these reasons, we believe that
Corbino-geometry JJs may serve as a promising platform for
constructing topological qubits and braiding MZMs in the fu-
ture.
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