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We report on measurements of the ac Josephson effect in three-dimensional topological insulator (TI)
Josephson junctions with Fermi energy tuning using a back gate. We successfully tune the Fermi energy into
the bulk gap of the TI. We observe that the Josephson energy as a function of the gate voltage has a dip
feature, indicating the presence of specular Andreev reflections. We study the ac Josephson effect with detection
of both Shapiro steps and Josephson emission. The obtained results show no signature of Majorana modes.
With the support of simulations, we conclude that the observation of the fractional ac Josephson effect may
be complicated by both a large parallel capacitance and a small ratio of current carried in 47 period modes

compared to conventional 27 modes.
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I. INTRODUCTION

Majorana fermions (MFs) were discovered as one of the so-
lutions to the Dirac equation [1]. After several decades, Kitaev
proposed that MFs can appear at the edge of a spinless one-
dimensional superconductor [2]. This proposal has promoted
research of the MFs in condensed-matter physics, especially
in order to reveal the non-Abelian statistics and possible
application to topological quantum computation [3-5]. One
of the platforms for generating MFs is to engineer topological
superconductivity [2] in hybrid superconducting systems. Su-
perconducting junctions such as junctions of semiconductor
nanowires [6,7] and topological insulators (TIs) [8,9] have
been proposed theoretically. Experimentally, signatures of
MFs such as localized zero-energy modes [10-12], expo-
nential protection of the localized modes [13], and 47 pe-
riodic Josephson supercurrent [14-21] have been observed.
In addition to the junctions mentioned above, ferromagnetic
atoms on superconductors have also shown the localized zero-
energy modes [22,23], and superconducting junctions of Dirac
semimetals have also shown evidence of the 4w periodic
Josephson supercurrent [24,25].

In superconducting junctions of semiconductor nanowires
or ferromagnetic atoms, a strong magnetic field or ferromag-
netism are required for most cases of engineering of MFs, re-
sulting in a soft superconducting gap that degrades topological
protection of MFs. However, the TI-superconductor junctions
do not need such a strong magnetic field or ferromagnetism.
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We note that the weak magnetic fields are still required to
induce the vortices holding the localized MFs in the systems
[26,27]. For the two-dimensional TI Josephson junction (JJ),
the ac Josephson effect has been studied with Fermi energy
tuning [16,17]. On the contrary, all the previous reports on
the ac Josephson effect of three-dimensional (3D) TI JJs do
not address Fermi energy tuning [15,18-20], meaning that the
bulk contributions may remain. Therefore, it is important to
demonstrate that the surface states are essential for observa-
tions of a fractional ac Josephson effect that indicates Ma-
jorana modes. Furthermore, routes toward electrical control
and braiding of MFs in 3D TI-based systems have been pro-
posed [27,28] allowing MFs engineered in superconducting
junctions of 3D TI to be utilized for demonstration of the
non-Abelian statistics. This is the additional motivation to
study 3D TI JIs.

Here we show experimental results of JJs with weak links
formed from gate-tunable (Bi;_,Sb,),Te; (BST) thin films.
We succeed in electrical control of normal resistance (R,)
and switching current () of the JJs. We find that the ob-
served I, R, shows a dip feature near the charge neutral point
assigned to the analog of specular Andreev reflection. We
measure the Shapiro steps of the JJ and observe that both odd
and even integer-multiple Shapiro steps appear even around
the charge neutral point with no evidence of the fractional ac
Josephson effect. Additionally, we measured Josephson emis-
sion and detect conventional spectra, which is also contrary to
the prediction for junctions with Majorana modes. We discuss
possible reasons why the measured ac Josephson effect is
conventional.

We choose BST as a 3D TI because the topological
nature has already been demonstrated by angle-resolved
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FIG. 1. (a) The top view of sample A. (b) The V, dependence of
R,. R, is defined as an average of differential resistance obtained at /
larger than I,.

photoemission spectroscopy (ARPES) measurements [29],
and also the features of Dirac electrons on the surface have
been reported in electron transport experiments of, for ex-
ample, Shubnikov—de Haas oscillations [30] and the quantum
Hall effects [31]. In addition, the Fermi energy of BST can be
tuned by chemical doping and also electric-field tuning. We
use a thin film of (Bi;_,Sby),Te; (x = 0.8) grown on heat-
treated SrTiO3 substrate (111) by molecular beam epitaxy.
The thickness of (Bi;_,Sb,),Te; is eight quintuple layers
(8 nm) and the out-of plane direction is (111). This is thick
enough to avoid the hybridization of the top and bottom
surface states [29]. The SrTiO3; substrate is 0.5 mm thick.
We can tune the Fermi energy electrically by applying gate
voltage on the back of the substrate.

We fabricated these BST films into JJs devices. The mesas
were patterned by Ar ion etching, and superconducting con-
tacts were fabricated with conventional electron beam lithog-
raphy and metal deposition. Before the metal deposition, we
dipped the sample in diluted HCIl to remove the oxidized
surface layer [32]. Next, we deposited Ti(0.5 nm)/Al(30 nm)
for sample A and MoRe (80 nm) for sample B, respectively.
An optical image of sample A is shown in Fig. 1(a). Electrical
measurements were carried out in a dilution refrigerator with
a base temperature of 30 mK. We executed four-terminal
measurements with dc current bias.

II. EXPERIMENTAL RESULTS

First, we focus on the gate voltage (V,) dependence of R,
of sample A. Figure 1(b) shows the R, — V; plot. A peak of R,
can be seen at V, ~ 55V, indicating the charge neutral point.
Next the V,; dependence in the superconducting region is stud-
ied. Figure 2(a) shows the differential resistance as a function
of V, and current (/) for sample A. The zero-resistance region
around bias current / = OnA indicates that the supercurrent
flows through the JJ. The sharp dV/dI peak (white lines)
when the current increases indicates the switching of the
junction from super (black) to normal (blue) branches. Here
V is the measured voltage. We define the switching current
I, as I at the sharp peak with I > 0. Since I, depends
strongly on V, and Ry, it is concluded that the supercurrent
can be controlled by the gate voltage. This guarantees that the
supercurrent flows through the BST film.

Figure 2(b) shows the dV/dI as a function of I and a
magnetic field B perpendicular to the film at V, =0V. The
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FIG. 2. V, and I dependence of differential resistance (a).
(b) Bias current and the magnetic field dependence of differential
resistance. Red dashed lines indicate the nodes’ positions of the
Fraunhofer pattern. (c) V, dependence of I, R,; a dip feature appears
near the charge neutral point.

B dependence of I, approximately follows the Fraunhofer
pattern, which is usually observed in conventional planar JJ
devices. This result also supports that the supercurrent flows
through the BST films. However, there are two unexpected
features found in the magnetic field dependence. First, the in-
tervals between nodes as indicated by the red dashed lines are
not constant. Second, I, does not become 0, even at the node
point. These features can indicate a nonuniform supercurrent
distribution because the magnetic field dependence can take
the shape of a sum of Fraunhofer patterns having different
periods. In this case, the intervals cannot be constant and a
finite supercurrent can remain even at the nodes. The junction
area calculated from the junction geometry is 0.3 um?, which
is inconsistent with the area of 0.81 um? evaluated from the
distance between the second and third nodes. A similar in-
consistency has been previously assigned to the flux-focusing
effect [33,34].

We now provide further discussion on the V;; dependence in
terms of the Josephson energy. From the result of Fig. 2(a), we
calculate the product /R, at each V; as shown in Fig. 2(c).
The value of IR, is of the order of a few ©uV, which is
much smaller than the Al superconducting gap ~ 170 uV,
indicating poor transparency of the BST/ALI interface. The
evaluated IR, has a dip feature around V, >~ 50V. In JJs
of other 3D TIs or graphenes, similar dip features have
been reported in the gate dependence of IR, [32,35-40].
We attribute this dip to the influence from the electron-hole
puddles, the locally distributed p- or n-doped regions that
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FIG. 3. Shapiro steps of sample A with V, = =20V (a) and V, = 50V (b). In both data sets, the first steps appear clearly. (c)—(e) Shapiro
step measurements along each dashed line in (b). The colors of each graph correspond to the colors of the dashed lines in (b). (f) V, dependence
of the Shapiro steps in sample A showing that the first step appears for the full range of gate voltage studied. In all cases, the frequency is

1 GHz.

appear near the charge neutral point due to inhomogeneity.
The transport phenomenon related to the puddles has been
studied intensively in graphene devices, both theoretically
and experimentally [41-45]. The I suppression [45] can
be attributed to the charge scattering at the boundaries of
electron-hole puddles taking the form of specular Andreev
reflections [46]. This specular Andreev reflection does not
have the retroreflection property of Andreev events, causing a
reduction of Iy, R, near the charge neutral point [45] compared
with that in the carrier-doped regions. The existence of the
puddles is observed also in 3D TIs [47] and the specular
Andreev reflection is theoretically predicted on the interface
of 3D TI and a superconductor [48]. Therefore, the same
scenario can work for the IR, suppression near the charge
neutral point as shown in Fig. 2(c). We note that the IR,
reduction can be ascribed to fluctuation [36-39] or ripples
[40]. Sample A, however, has small hysteresis [49]. This
indicates that the difference between the measured switching
current and the critical current does not play an important
role in sample A. In addition, our sample is not monolayer,

and therefore it should contain fewer ripples. Finally, we
conclude that the observed IR, dip feature arises from the
electron-hole puddles.

We next move to the measurement results of V versus
current / while irradiating rf microwave excitation to the JJ.
The binning method is used to evaluate the Shapiro steps
[15]. Measured dc voltage is converted to the histogram
of the voltage for each I in bins of 0.25 x hf/2e. Here
h is Planck’s constant, f is the irradiated microwave fre-
quency, and —e is the electron charge. As the source cur-
rent is swept at a constant rate, the counts per bin reflect
the current on a given Shapiro step. Figures 3(a) and 3(b)
show the bin counts of the measurement as a function of rf
power of the microwave at V; = —20 and 50 V, respectively.
The histogram is expected to show peaks originating from the
Shapiro steps at quantized voltages of multiples of 4f/2e in
conventional JJs, and odd number multiples would disappear
in topological JJs. In Figs. 3(a) and 3(b), all Shapiro steps
including the odd number steps appear clearly. The steps
can also be observed in I-V curves of Figs. 3(c)-3(e), which

115410-3



YUUSUKE TAKESHIGE et al.

PHYSICAL REVIEW B 101, 115410 (2020)

(@)

300 250
N P .
200 | <N g = 3
a Vitso &8 g
N 5 < g
& 100 & = z
100 - S N 5
50 =

0 0 Vp=80(V)
f =1515 (GHz)
1.0

] ]
o~ aQ g
2 0.58 8
N ® ®
E E

FIG. 4. Measurement of the Josephson effects for sample B:
(a) V, dependence of R, and IR, of sample B. (b) The Shapiro steps
at V, =80V. (c) The measured Josephson emission at V, =0 V.
The dark solid line indicates fj and the dashed line indicates fj/2.
A strong emission feature is only seen at f; with a weak signature
of higher harmonics around 2f;. (d) V, dependence of Josephson
emission. The resonance only occurs when the frequency is fj and
weakly at 2 f;. Here the dark solid line is f; and dashed lines are f;/2
or 2f.

correspond to the cuts of Fig. 3(b). The colors of the graphs
are the same as the colors of the dashed line in Fig. 3(b).
Figure 3(f) shows dV/dlI as a function of V, and bias current.
The first step appears at all gate voltages. This indicates that
the fractional ac Josephson effect is not observed in this JJ.

One possible reason why the odd number Shapiro steps re-
main is the small I R,,. According to previous studies [15,50],
in order to observe the vanishing of the odd number Shapiro
steps in coexistence of both 47 and 2w periodic components
with dominant 27 modes, the microwave frequency should
satisfy the condition of

f < (2eIy™R,) /h, €]

Here I3 is the critical current of the 47 periodic component.
In our case, assuming the possibility of a low contribution
in the supercurrent from the 4w periodic modes combined
with the small IyR,, we consider that the vanishing odd
number steps would only be observed for a low-frequency
range. Since the Shapiro step signals become weaker as the
frequency is lowered, it becomes difficult to measure well-
resolved features.

To increase IR,, we use sample B with MoRe as the
contact superconductor. MoRe has a larger superconducting
gap than Al so that a larger IR, is expected. The measured
R, versus V, is shown as a red line in Fig. 4(a). R, increases
monotonically with V, and then starts to saturate around
Ve = 80 V. This saturation behavior implies that the BST at
Ve =80V is around the charge neutral point. The calculated
IswRy is around 180 4V in V, = 80V, shown as a blue line in
Fig. 4(a). This result means that the upper limit described in

Eq. (1) of the MoRe JJs is almost 100 times larger than the
Al 1Js.

Then we move to the analysis of Shapiro steps. Here the
irradiated microwave frequency is f = 1.515 GHz. The result
as a function of bias voltage and the rf power is shown in
Fig. 4(b). The first step clearly appears.

We also measured the Josephson emissions of sample B
in our emission measurement setup [17]. With applying bias
voltage V, the intensity of the emitted microwave from the JJ
at each detection frequency (f;) is analyzed. Measurements
performed at each detection frequency have a background
subtraction, taken as the amplitude at zero current, and they
are normalized by the peak amplitude at that frequency.
Emission features at fj = 2eV/h and fj/2 = eV/h are ex-
pected from conventional and topological JJs, respectively.
Figure 4(d) shows the gate voltage dependence of the emitted
RF signal at f3 =3 GHz. The dark solid and dashed lines
indicate fj and fj/2 or 2 fj, respectively. Even in this case the
observed resonance is seen only in fj. The emission signal is
observed only at f = fj with a weak second-harmonic feature
around 2 fj for some gate voltages.

One possible reason why we are unable to observe van-
ishing odd number Shapiro steps and the appearance of fj/2
emission may be the large parallel capacitance (=~ 100 pF)
originating from the huge dielectric constant of SrTiO;
substrate. In fact, prior theoretical research indicates that
high junction capacitance can complicate the observation
of the missing of Shapiro steps [51]. In addition, we also
speculate that a small 47 periodic current contribution is
preventing the detection of the fractional Josephson effect. We
discuss these points based on numerical simulation below.

II1. DISCUSSIONS

The salient features of the ac Josephson effect in a weak
link with both 47 periodic and 27 periodic modes were
described by Dominguez et al. using a two-periodicity resis-
tively shunted Josephson junction model [50]. More recently,
the two-periodicity model has been expanded to more com-
pletely capture the behavior of real devices. For example, the
effects of Joule heating [18] and capacitance [51] have been
investigated. The resistively capacitively shunted junction
(RCSJ) model including the two components of 27 and 4x
periodic supercurrent is based on the simple current biased
circuit, which is depicted in Fig. 5(a). The time evolution of
the phase difference, ¢, is written as

Chd h 1dp ice) 1. .

Chd’¢ n 1dg 1 o

1. 2e dt? 2e RI. dt + 1. 1. [io + i1 sin(wyct )]
)

where 7 is Dirac’s constant, C is the junction capacitance, R
is the resistance including the junction resistance Rj; and a
parallel shunt resistance Rgpynt, I is the critical current of the
JJ, and ij is the external current bias. The variable ii.(¢) is
the current phase relationship of the entire junction, which
is comprised of two components with different periodic-
ity, isc(¢p) = izy sin(¢) + iy sin(¢p/2). Here, we consider the
value of r = iy /ir,. We also define the Stewart-McCumber
parameter 8, = (2eR*I,C )/hi. We assume that iy, < iy, be-
cause only electrons whose incident angle is perpendicular to
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FIG. 5. (a) The circuit diagram of the RCSJ model. (b) Example simulation results for » = 0.15 and 8. = 10. The black line indicates f;
emission, and the black dashed line indicates fj/2 emission.

of Ay, and A4, for different 8. and r. For high frequency, all
data sets in Fig. 6(a) collapse to a single line indicating that the
ratio of emission amplitudes is determined by the ratio r. We
can also see the crossover in the very-low-frequency region
(fi € 5GHz) in which A4, /A,, abruptly becomes large and
reaches 1. This indicates the crossover from the purely 47
regime to the 47 + 27 regime [52] as the frequency becomes
high. In contrast, as capacitance becomes larger (equal to
higher f.), this crossover becomes lower frequency, as shown
in Fig. 6(b). This means that in the high C case, the purely
47 periodic region is difficult to access. We also see the effect
of r. Lowering r decreases the relative emission amplitudes

the interface between the superconductors and BST contribute
to the 47 periodic component [8]. Here we consider only
Josephson emission for simplicity. So we focus on the case
with no external drive such that i; = 0.

For each set of device parameters, we solve the RCSJ
model and perform a fast Fourier transform (FFT) calculation
of ¢(¢) traces to extract plots such as that shown in Fig. 5(b).
We then extract the amplitude of Josephson emission, A, and
A4y at fy and fj/2, respectively.

We consider the effects of variation of Ry, C, and r in
Fig. 6. Since changing Ry, is equal to changing B.(x C),
we focus on the values of 8. and r. Figure 6 shows the ratio

1 1
(a) r = 02,Ry = 2500, = 100 pF (b) 7 = 0.2, Ryotal = 41.67 O, Ryj = 250 ©, Rypune = 50 0
0.8 || === B =263.76,Riota = 41.67 O Rypune = 50 Q 1 0.8 — e = 52752, = 200 pF
e = 52.10, Reogal = 18.52 © Rypune = 20 Be =131.88,C = 50 pF
B = 14.05, Rygra = 9.62 O Rypyne = 10 2 Bc = 2638,C = 10 pF
£ 0.6 o £0.6
Y Be = 3.65, Rotal = 4.90 Q Rypune = 5 2 ~ Ve
= Be = 0.60, Rgta1 = 1.98 2 Ry = 202 ]
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FIG. 6. (a) Simulation results for different Ry, with » = 0.2. This is equal to changing B.. A4, /A,, features for high frequency are found
to collapse onto a single line with a value related to r. (b) Simulation results for different C. In lower frequency, we can see the crossover
regime in which f;/2 may be enhanced beyond the amplitude of the f; feature depending on the value of 8. (c) Simulation results for different
values of ratio r. When r becomes small, the amplitude ratio in high frequency is suppressed much lower than r.
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for large f; as illustrated in Fig. 6(c). When r is less than
0.1, the ratio A4, /A2, is much smaller than r. This indicates
that A4, /As, is further reduced for small r. Though our
calculations elucidate some features of Josephson emission,
there may be other mechanisms such as Joule heating and
quasiparticle poisoning of the 47 periodic states [18], which
are not captured in the RCSJ model used here.

We can assume that due to the high junction capacitance
and possible resulting sizable fB., the crossover regime be-
tween the purely 47 periodic and mixed dynamics is inac-
cessible. Therefore, we are able to access only the high bias
regime in which the amplitude of the fj/2 feature would
reflect the relative contribution of the 47 periodic component
in the current phase relationship. Assuming the minimum of
a single channel with perfect transmission due to a Majorana
mode and a proximity gap of A’ = 180 ueV atV, = 80V, we
predict ig; ~ eA’/h ~ 44 nA [53]. We estimate I, = 672nA
so that the ratio r is estimated as 0.07. We expect a much more
than 14 times weaker emission feature at fj/2 compared with
fi for the high-frequency regime considering the results of
Fig. 6. Considering our results, we determine that the noise
level is enough to hide the emission amplitude A4,. This is
probably due to the large capacitance, which makes all the
signal including the 47 periodic emission weaker than the
noise level. So far, we have only discussed the Josephson
emission. However, in the Shapiro step measurement and
the Josephson emission measurement, similar conditions are
necessary for observation of the 47 periodic component [52].

IV. CONCLUSION

We fabricated gate-tunable JJs on a molecular beam epi-
taxy grown (Bi;_,Sb,),Tes topological insulator. The super-
current and normal resistance were controlled by a back-gate
voltage demonstrating ambipolar transport. The IR, product

was also gate-voltage-dependent and exhibits a pronounced
dip feature near the charge neutral point. This IR, behavior
can be ascribed to the specular Andreev reflection at the
boundaries of electron-hole puddles. Finally, by using gate-
tunable JJs, we carried out measurement of the ac Josephson
effect. By radiating the JJs with microwaves, we observed a
conventional pattern of Shapiro steps. We also observed the
signature of conventional Josephson emission.

From our results and the support of simulation, it is
most probable that small r and large parallel capacitance
are the reasons why we are unable to observe the fractional
ac Josephson effect. This indicates that SrTiO; may be a
poor substrate choice for studying the fractional ac Josephson
effect due to the high parallel capacitance. The dielectric
constant of SrTiO; at low temperature is 2~ 20000, and the
thickness of SrTiO3 used in our experiment is 0.5 mm. With
the same device design, the SrTiO; substrate is equivalent to
a heavily doped Si substrate covered with 100-nm-thick SiO5.
This implies that the parallel capacitance does not become
remarkably smaller as far as substrates with the back-gate
structure are used. Thus we suspect that such substrates are
not suitable for observing a missing step.
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