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Zero-bias conductance peak in Dirac semimetal-superconductor devices
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Majorana zero modes (MZMs), fundamental building blocks for realizing topological quantum computers, can
appear at the interface between a superconductor and a topological material. One of the experimental signatures
that has been widely pursued to confirm the existence of MZMs is the observation of a large, quantized zero-bias
conductance peak (ZBCP) in the differential conductance measurements. In this Letter, we report observation of
such a large ZBCP in junction structures of normal metal (titanium/gold Ti/Au)—Dirac semimetal (cadmium-
arsenide Cd;As,)—conventional superconductor (aluminum Al), with a value close to four times that of the
normal state conductance. Our detailed analyses suggest that this large ZBCP is most likely not caused by MZMs.
We attribute the ZBCP, instead, to the existence of a supercurrent between two far-separated superconducting
Al electrodes, which shows up as a zero-bias peak because of the circuitry and thermal fluctuations of the
supercurrent phase, a mechanism conceived by Ivanchenko and Zil’berman more than 50 years ago [Ivanchenko
and Zilberman, JETP 28, 1272 (1969)]. Our results thus call for extreme caution when assigning the origin of
a large ZBCP to MZMs in a multiterminal semiconductor or topological insulator/semimetal setup. We thus
provide criteria for identifying when the ZBCP is definitely not caused by an MZM. Furthermore, we present
several remarkable experimental results of a supercurrent effect occurring over unusually long distances and

clean perfect Andreev reflection features.
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Topological quantum computation (QC) [1,2] has emerged
as a promising approach to QC due to its enhanced tolerance
to errors which are induced by inevitable coupling to the
environment. In this scheme, a quantum bit (qubit) would be
constructed out of four Majorana quasiparticles (MQPs) [3],
with a gate performed by moving one MQP around another,
or braiding MQPs. Because the braiding is topological and
nonlocal, Majorana-based qubits would be intrinsically robust
against local decoherence sources and thereby enable fault-
tolerant QC.

Until 2008, the search for MQPs in solid-state systems
focused on the exotic 5/2 fractional quantum Hall state [4,5],
for which the earlier theoretical framework of TQC was
developed [2]. However, concrete evidence of such quantum
Hall non-Abelian anyons has not been established. The advent
of topological insulators has prompted proposals for realizing
Majorana quasiparticles via the superconducting proximity
effect [6,7]. In these systems, the Majorana quasiparticles are
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predicted to appear as topological defects, namely Majorana
zero modes (MZMs), at the superconductor-magnet interface
or m-Josephson junction at the surface of a topological in-
sulator. Soon after this pioneering theoretical work, it was
realized that MZMs could also be realized in a semiconductor
system in combination with a strong spin-orbit coupling, an
external magnetic field, and the superconducting proximity
effect [8-10]. One of the experimental signatures that has
been widely pursued to confirm the existence of MZMs is
the observation of a large, quantized in units of 2¢?/h zero-
bias conductance peak (ZBCP) in the differential conductance
measurements. ZBCPs have been observed in InSb and InAs
nanowire systems [11-17] and ferromagnetic atom chains
[18]. However, the origin of the observed ZBCPs in these
experiments remains debated [19-22]. As such, more experi-
ments are imperative to establish MZMs in other topological
quantum material systems beyond semiconducting nanowires.
In the following, we will present results in a Dirac semimetal
[23,24] cadmium-arsenide (Cd;As,) that show a large, nearly
quantized in units of normal state conductance ZBCP in
junction structures of normal metal (titanium/gold Ti/Au),
Cd3;As;, conventional superconductor (aluminum Al). Our
detailed analyses suggest that this large ZBCP is most likely
not caused by MZMs. We attribute the ZBCP, instead, to
the existence of a supercurrent between two far-separated
superconducting Al electrodes, which shows up as a zero-bias
peak because of the circuitry and thermal fluctuations of the
supercurrent phase, a mechanism conceived by Ivanchenko
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FIG. 1. (a) An SEM picture of the device. The Ti/Au and Al electrodes are deposited on the Cd;As, thin flake. (b) Temperature dependence
of the junction resistance. (c) A schematic diagram showing the Andreev reflection. (d) The normalized differential conductance d1/dV versus
the d.c. bias across the junction (V) measured in our device at T = 0.39 K at zero magnetic field.

and Zil’berman more than 50 years ago [25-27]. Our results
thus call for extreme caution when assigning the origin of
a large ZBCP to MZMs in a multiterminal semiconductor
or topological insulator/semimetal setup. We thus provide
criteria for identifying when the ZBCP is definitely not caused
by an MZM.

We choose CdzAs; in this study due to the following
reasons. First, it has been shown that the proximitized Fermi
arc surface states [24] in Cds3As, can show properties of a
topological superconductor [28-30]. The induced pairing in
these topological superconducting surface states can give rise
to topologically protected gapless Andreev bound states, i.e.,
Majorana zero modes. Second, to our knowledge, CdsAs; is
the only topological semimetal system where the evidence
of Majorana flat bands [31] have been observed [28]. This
provides high confidence that localized Majorana zero modes
can also be realized in Cd3As,. Third, as will see below, the
decoupling of the surface and bulk states in Cd3As, enables
the Josephson effect that gives rise to the large ZBCP over
a distance much longer than the coherence length. Finally,
Cd;As; is air stable and less prone to the oxidization issue
that has troubled other topological materials such as ZrTes
and BiyTes. This makes Cds;As, promising for practical
quantum computation application. To search for MZMs, we
follow the methodology developed in the InAs and InSb
nanowire research [11-17] and fabricate Ti/Au-Cd;As;-Al
junction structures. The mechanical exfoliation method is
used to obtain the most flat and shiny Cds;As, thin flakes
for device fabrication from the initial ingot materials [28].

The CdsAs, polycrystalline ingots used in this study are the
same as those in Ref. [28]. The thickness of Cd;As, flakes
is about 200 nm. To fabricate Ti/Au-Cd; As,-Al junctions, we
deposit thin flakes of Cds;As; on a Si/SiO; substrate followed
by two-step electron beam lithography to define Ti/Au and
Al electrodes, respectively. The thickness of the electrodes is
10 nm/200 nm for Ti/Au and 300 nm for Al. A scanning
electron microscopy image of one device is shown in Fig. 1(a).
A total of five junctions are fabricated in this device and they
share the same Ti/Au electrode. The distance between two
nearby junctions is ~ 1.5 um in the device shown in Fig. 1(a),
but is larger in other devices. In our experiment, only the
right most junction is measured, and the four remaining Al
contact leads are floating. The distance between the Ti/Au
and Al electrodes is about 80 nm. Figure 1(b) shows the
temperature (7)) dependence of the resistance of this tunneling
junction device. The superconducting transition temperature
of Al electrode is at ~1.2 K (not shown). The sharp drop at
T ~ 0.7 K is due to the onset of the proximity effect induced
bulk superconductivity in CdsAs,.

Metal-superconductor junction device structures have been
extensively utilized in the past for studying superconductiv-
ity [32]. Similar structures have also been used in studying
excess conductance in two-dimensional electron gas in III-V
semiconductors [33,34]. When such a device is biased above
the superconducting gap, the device is in the normal state,
the current(/)—voltage(V) relationship is ohmic, and a constant
differential conductance (d1/dV') is measured. When the de-
vice bias is reduced and the incident electron from the normal
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FIG. 2. (a) dI/dV atbase temperature 7 = 21 mK at zero magnetic field. A zero-bias conductance peak (ZBCP) is observed. The value of
ZBCP is four times of the normal state conductance Gy. (b) dI/dV at various temperatures. (c) The peak value as a function of temperature.
The value is nearly quantized at low temperatures and starts to decrease at T is higher than 100 mK. (d) The full width at half magnitude of
ZBCP as a function of temperature. The red dashed line indicates the junction temperature.

metal is within the superconducting energy gap, the electron
can form a Cooper pair with another electron in the metal,
and this Cooper pair then tunnels into the superconductor.
Due to this process, a hole with the opposite spin and velocity
but equal absolute momentum is reflected to the metal. This
process, known as Andreev reflection (AR), is schematically
depicted in Fig. 1(c). If the interface quality is high, the con-
ductance within superconducting energy gap becomes twice
the normal conductance [32], and this is commonly dubbed
perfect AR (PAR). Figure 1(d) shows a clear example of PAR
observed in our device at T = 0.39 K, where the normalized
differential conductance dI/dV is plotted as a function of
d.c. voltage bias (V) across the junction, and normalization
is defined relative to the normal state conductance, Gy ~
0.0128 @', Athigh |V|, the device is in the normal state and
the conductance is constant, as expected. As |Vy.| decreases,
moving into the superconducting gap, the conductance as-
sumes a value of 2Gy. One can argue that the observed PAR
is a signature of Klein tunneling in the Cd;As, surface state
[35]. The observation of this PAR also demonstrates (1) the
formation of a hard gap induced by the proximity effect and
(2) the absence of backscattering in the normal region.

As the junction is further cooled down, a large ZBCP is ob-
served. The normalized conductance at the base temperature
of T =21 mK and zero magnetic field is shown in Fig. 2(a).
Overall, the curve is very similar to that in Fig. 1(d), except at
Vae = 0V, where a large, sharp peak is observed. Notably, the
value of this peak is four times that of the normal conductance
value; this near-integer increase most likely is not, in itself, of
fundamental significance, as modeling and discussion below

will ultimately demonstrate. To further examine the origin
of this ZBCP, its temperature dependence is mapped out.
Figure 2(b) shows the dI/dV curves as a function of Vg
at various temperatures. In Fig. 2(c), the value of ZBCP is
plotted versus 7. At low temperatures, the amplitude is almost
constant around 4Gy. It then starts decreasing at 7 > 0.1 K
and eventually disappears around 7 ~ 0.4 K. Lorentzian fitting
to each temperature curve is performed, from which the full
width at half maximum (FWHM) of the ZBCP is obtained.
In Fig. 2(d), we show the resulting temperature dependence
of the FWHM. It is nearly constant at ~ 3 pV in the low
temperature regime, where the amplitude of ZBCP is also
constant. The FWHM starts increasing above 0.1 K, where the
ZBCP amplitude also starts decreasing. The FWHM increases
sharply for T > 0.3 K.

Below, we try to explain the data by considering two
alternative mechanisms for ZBCP formation: (1) the existence
of MZMs at the interface between a superconductor and a
quantum spin Hall insulator stack/Dirac semimetal [31,36—
38] and (2) a supercurrent mechanism that may give rise to the
observed large ZBCP [25]. Our detailed theoretical modeling
will show that the latter origin is the one most likely to apply.

For the first mechanism, it is known that Fermi arc surface
states of a Dirac semimetal can be viewed equivalently as a
momentum-space stack of many identical two-dimensional
quantum spin Hall insulator (QSHI) layers [38]. In other
words, according to the theoretical work [38], in the presence
of momentum conservation our junction structure could be
viewed as a collection of many identical copies of Ti/Au-2D
QSHI-AI junction devices. At low temperatures, MZMs can
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FIG. 3. (A) the I-V curve at T = 21 mK, obtained by integrating the corresponding dI/dV curve. Here only the data in the AR regime is
shown. The red dashed line represents the contribution from AR. The up inset shows the whole I-V curve. The lower inset shows the effective
circuit for the experimental setup. (B) IZ fitting at four selected temperatures. Dots are experimental data, line the IZ fitting. (C) The extracted
maximal current at each temperature. The solid line is the theoretical fitting.

form at the interface between the QSHI edge channels and the
superconductor [36,37], and in the presence of backscattering
they contribute to a large, quantized in units of 2Ne? /h ZBCP.
Here N is the number of channels in the junction.

However, our detailed examinations cast doubts over this
mechanism. First, the width of ZBCP is too narrow, being
even smaller than the measurement temperature [indicated
by the red dashed line in Fig. 2(d)], while the width of
MZM ZBCPs cannot be smaller than 3.5KzT [39]. This
thus excludes a noninteracting electron explanation for the
data. Second, magnetic backscattering is required to obtain
localized MZMs that give rise to ZBCP. In the absence of
magnetic scattering the weak antilocalization (WAL) effect in
Cd;As; should produce a zero-bias conductance dip [39]. This
is inconsistent with the experimental observation.

Next, we consider the supercurrent mechanism and con-
duct an analysis in terms of an Resistively Shunted Junc-
tion (RSJ) model [26] in the presence of thermal fluctua-
tions, which was solved by Ivanchenko and Zil’berman (IZ)
[25]. First, where does the supercurrent in our setup arise?
We assume good ohmic contact between the Al and Ti/Au
electrodes in each of the NS (normal metal-superconductor)
junctions below the superconducting gap. Then two nearby
Al electrodes, if they are phase coherent, can support super-
currents and additional current path (as shown by the green
arrows in Fig. 1(a) besides the direct NS one [as shown by the
red arrow in Fig. 1(a)] is available. Thermal fluctuations and
circuitry move the maximum of the supercurrent from the zero
bias. In this case the supercurrent peak in /I-V characteristics
shows up a ZBCP in dI/dV. The large distance between
the superconducting electrodes suppresses the supercurrent
making the observed amplitude of ZBCP comparable to Gy.

In the following, we use the IZ formula [25] to quantita-
tively fit our measured differential conductance curves and
extract parameters of our system. For this purpose, we first
obtain -V curves by integrating the differential conductance.
Figure 3(a) shows the result at 7 = 21 mK. The fitting range
is limited within the Andreev reflection (AR) regime. Next,
the linear contribution due to AR within the superconducting
gap is subtracted from the I-V curve as it is due to a parallel

conductance channel. The obtained data represents the contri-
bution from the supercurrent between two Al electrodes. The
circuit diagram in the lower inset of Fig. 3(a) is an effective
description for the experimental setup. Here, Vjp is the voltage
source, V the voltage that is plotted on the x axis in Fig. 3(a),
R, the junction resistance, and R, the lump resistance in the
measurement circuit. We neglect the capacitance C of the
junction in the fitting. This is justified because of a large
separation of Al electrodes.

The equations for the I-V curve fitting are then given as
follows [25]:

L2+ R eRi+R) (BasTo —i((g)))
1(V) = Iplm s |0 (D
Laipv+raniy ek +R:) (B350 53 )
A(T 2nkT A0
ATy 2R o~ 2O @)
A(0) A(0) kT

Here, I,(x) is the modified Bessel function of complex or-
der, A(0) =50 ueV is the topological superconductivity gap
at T =0, and I, the total critical current of the supercur-
rent quanta. The Bardeen-Cooper-Schrieffer temperature de-
pendence of A(T)/A(0) is the first order expansion around
T = 0. In Figs. 3(b), we show the fitting at four selected
temperatures (fitting at more temperatures can be found in
the Supplemental Material [39]). It agrees well with the
experimental data at low temperatures, e.g., at T = 21, 124,
203 mK. Fitting fails at higher temperatures, for example at
T = 350 mK, where the temperature becomes comparable to
the induced superconducting gap and quasiparticle contribu-
tions to current likely disturb the fitting. We note here that
fitting using the phenomenological temperature dependence
of A(T)/A(0) = tanh(1.74(T./T — 1)"/?) yields the same
conclusion. In Fig. 3(c), the maximal current extracted from
the fitting at each temperature is plotted.

The good agreement between the theoretical fitting and
experimental data strongly supports that the ZBCP is due to
the supercurrent between two separated Al electrodes. More-
over, because of this supercurrent origin, the FWHM width of
ZBCP can be smaller than the measurement temperature, as

032002-4



ZERO-BIAS CONDUCTANCE PEAK IN DIRAC ...

PHYSICAL REVIEW RESEARCH 2, 032002(R) (2020)

(b) 45 ;

(@) Normalized dI/dV 1 207 25 W@

L T=0.02K 1

—=—(.02K

—5‘-‘
- 10t=== e

15 -10 -05 00 05 10 15
B (mT)

Ve (uV)

I 1

0
8 §4.0—
°l 1 3
L 1 i L
4 - ! 235
Z 2| i 2
= of ' ] 230}
> ol (I@ ] i
£25
4k ' ] E25}
N P W r |
8k ] 20+
=19 0 -0 5 1. 15 10
45 10 -05 00 05 10 15 15 -1
B (mT)

00 05 10 15
B (mT) 20 25 3.0 35 40

FIG. 4. (a) 2D color plot of dI/dV as a function of magnetic field and V., respectively. ZBCP disappears at the magnetic field of B ~
0.5mT and for B > 1.3 mT. (b) The extracted peak value as a function of magnetic field at various temperatures. An oscillatory behavior is
observed for the ZBCP value. (c) Theoretical simulation of the magnetic field dependence with a Fraunhofer pattern based on the experimental
data at zero magnetic field. Good agreement between the experimental result (a) and theoretical simulation (c) is seen.

the width of the ZBCP is determined by the circuit parameters,
not intrinsic temperature broadening. This explains the puzzle
seen in Fig. 2(d).

The parameters obtained from the above fitting are Iy ~
35nA, Ry =~ 60£2, and R, ~ 90 2. R, is close to the normal-
state resistance across the Ti/Au-Al junction, which is about
78 2. Based on these fitting parameters, we can estimate
the number of spin-resolved supercurrent quanta in our de-
vice. First, we calculate the critical current Aly of a single
supercurrent quantum. It is given by Aly = A(0) x /e x
G = 6.1nA [40]. Here, G = ¢?/h for the helical (effectively
spin-polarized) topological surface states of Cd;As,. Con-
sequently, the total number of the supercurrent quanta is
34.8/6.1 ~ 6.

Notably, the supercurrent mechanism also explains the
peculiar magnetic (B) field dependence of the ZBCP we
observed. In Fig. 4, the measured dI/dV is plotted as a
function of magnetic field and V., respectively. The ZBCP
in our device is extremely sensitive to the magnetic fields
and disappears at a magnetic field merely larger than 1.3 mT.
Figure 4(b) shows the extracted experimental values of ZBCP
at different temperatures demonstrating a clear oscillating
pattern. For example, at the base T of 21 mK, the amplitude
decreases from 4Gy at B =0T to ~2Gy at 0.5 mT. It then
increases to 3Gy at 0.75 mT, before it drops to zero again
at higher magnetic fields. Since the critical magnet field of
the superconducting Al electrodes is ~40 mT, much larger
than 1.3 mT, the disappearance cannot be due to the loss of
the superconductivity in Al. Furthermore, this small period
cannot be caused by the magnetic flux across the Ti/Au-
Al junction area. In fact, considering the area of the junc-
tion is § ~ 4 x 1077 m?, magnetic flux quantum is inserted
into the junction at B = £ = 52 mT, much larger than the
observed 0.5 mT. Here ¢ = 2.067 x 10715 Wb is magnetic
flux quantum. Thus, interference across this junction can be
excluded as the source of the ZBCP oscillations. On the other
hand, under the supercurrent model, the effective junction
area should be the one between the two adjacent junction
devices, which is about 4 um?. Consequently, the Fraun-
hofer period is ~0.5 mT, consistent with the experimental
observation.

Finally, one remark is in order before we conclude. The IZ
model was conventionally used for short Josephson junctions.
In our case, however, it still applies to a device where the
two Al electrodes are separated by ~10 um, as shown in
Fig. 5(a). In this device, the normal metal contacts are made of
Ni/Au. The differential conductance between the Ni/Au and
Al electrodes for the middle junction is shown in Fig. 5(b).
Overall, it is similar to that in the first device already dis-
cussed, with both exhibiting a perfect AR and a large ZBCP.
Applying the IZ fitting yields again a good agreement, as
shown in Fig. 5(c) for the 98-mK data and in Fig. 5(d) for
the extracted Iy. However, unlike the first specimen where
the separation between two adjacent junctions is comparable
to the Al superconducting coherence length (£4; ~ 1 um),
CdsAs, phase coherence length (I ~ 0.6 um) [40], and/or
Cd3As; thermal length Ly (at T =20mK, Ly ~ 1.1 um is
estimated using a diffusion constant of D ~ 0.02 m?/s [41]),
the separation of Al electrodes in this device is now ~10 um,
much longer than &4 and [g. Thus, it is totally surprising
that the supercurrent appears to still exist over such a large
distance. In the following, we discuss three possibilities to
resolve this apparent difficulty in our interpretation. First,
entering the WAL measurements [42] is different from I,
relevant for the Aharonov-Bohm-like interference necessary
for the Fraunhofer pattern [43]. Second, the supercurrent is
proportional to the transmission (to the power of 2) through
the channels connecting the superconductors. In our device
with large Al electrodes, there can exist a tail of the chan-
nel transmission distribution responsible for the supercurrent.
Third, it is possible that existence of supercurrent is deter-
mined by the electron pairing coherence length, which might
be very long in the topological surface states in Cd;As, due
to the suppressed backscattering. Finally, the Josephson effect
over such a long distance seems to indicate relative decoupling
of the surface and bulk states, which can be used for potential
applications of the material.

In summary, we report observation of a large ZBCP
in tunnel junctions made of normal metal (Ti/Au)-Dirac
semimetal (Cds;Asy)—conventional superconductor (Al). Our
detailed analyses suggest that this large ZBCP probably is due
to the existence of a supercurrent between two far-separated
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FIG. 5. (a) SEM image of another device where the tunnel junctions are separated by ~10 um. The irregular shaped Cd;As, thin flake
is visible. (b) Large ZBCP measured in the middle junction at 7 = 98 mK. (c) IZ fitting to the T = 98 mK data. (d) Iy as a function of

temperature. The solid line is the theoretical fitting.

superconducting Al electrodes. Our results thus call for ex-
treme caution when assigning a large ZBCP to the MZM
origin, especially when the width of the ZBCP is below
3.5KpT.
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