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Abstract: Topological superconductors have attracted increasing attentions for the pur-
pose of the quantum computation, because the character of supporting topological qubits are
immune to quantum decoherence and can be manipulated by braiding operation. Since the
topological superconducting state is rather rare in the intrinsic topological superconductors,
most of experimental efforts focus on inducing topological superconductors by the proximity
effect in superconductor (SC)/topological insulator (TI) heterostructures. Fu and Kane have
theoretically proposed that the topological superconductivity can be obtained by inducing an
s-wave superconducting gap into TIs. After that, a lot of experimental progress has been made
in different systems. In the first part of this review, we introduce the heterostructure of three-
dimensional (3D) T1I BizSes and BizTes on s-wave SC NbSez and d-wave SC BizSroCaCuzOs.-s,
topological crystalline insulator Sni_,Pbs;Te on Pb, two-dimensional (2D) TT WTez on NbSes,
and TiBiSez on Pb. In the second part, the TI-based Josephson junctions are reviewed by in-
troducing various experiments, including the Josephson junctions with TI barrier layers based
on the Fu-Kane mode, and the superconducting quantum interference devices by TI based

Josephson junctions.
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[. INTRODUCTION

Quantum computation is widely believed as a
highly potential path to solve the quantum limit in
conventional computation technique [* 4. However, the
quantum decoherence which destroys the quantum in-
formation storage of a qubit and the entanglement be-
tween qubits is still the major challenge to realize quan-
tum computation. Theoretically, topological supercon-
ductors (TSCs) are supposed to be a possible way to
solve this problem. TSCs host bizarre quasiparticles
called Majorana zero modes (MZMs), whose antipar-
s MZMs obey non-Abelian

statistics, and can construct qubits which are naturally

ticles are themselve:

immune to quantum decoherence, providing an ideal

route to achieve fault-tolerant quantum computation.

As a TSC, the wavefunction should keep a nontriv-
ial topological nature and the pair potential should be
anisotropic, for instance, a spinless p-wave supercon-
ductor. SroRuQ,4 was considered as a promising intrin-
sic TSC because it is an intrinsic p-wave superconduc-

L112] However, some

tor with a chiral order parameter
recent studies demonstrated that SroRuO4 seems un-
like a chiral p-wave superconductor ™2, Apart from the
intrinsic mechanism, T'SCs can be obtained by doping
metallic elements into topological insulators (TIs), such
as Cu,BixSe; M4 Sr,BirSe; X% and Nb,BisSes L0l
and even from the vortex core in Fe-based high tem-
perature superconductor of Fe(Te, Se) L7, Besides, Fu
and Kane predicted an alternative way to obtain TSC
states by constructing a heterostructure of an s-wave
superconductor and a TIM which is more practical for

experimental realization.

The key point of the Fu-Kane mode is to induce
an s-wave superconducting gap in the TI by the prox-
imity effect. Chalcogenides are popular candidates
for TIs, such as BisSes L8], TiBiSe, 19 and WTe, 2.
However, the proximity effect induced superconducting
wavefunction in the TI is degradated and sensitive to
the interfacial electronic state. Thus, an ideal inter-
face between the TI and the s-wave superconductor is

essential to obtain a TSC.

In this article, we review the recent progress on
realizing TSCs by the proximity effect. In Section
@, we briefly introduce the background of TSCs,

including the general behaviors of the TI, the TSC,
and the MZM. Section enumerates several experi-
mental evidences about the proximity effect induced
TSCs in TI/superconductor heterostructures, includ-
ing BisSes /NbSes, BisTes /NbSes, WTes / NbSes,
BisSes / BiaSroCaCugyOgis, Sni_,Pb,Te/Pb and
TiBiSes / Pb heterostructures. Section @ is devoted
to introduce the superconductor-TI-superconductor
(S-TI-S) Josephson junctions based on (i) the Fu-
Kane system, (ii) the quantum well and (iii) the
two-dimension electron gas (2DEG), as well as the
TI-based superconducting quantum interference device

(SQUID).

II. BACKGROUND

A. Topological insulator

Firstly, we would like to briefly introduce the
TI. In condensed matter systems, the spontaneously
symmetry-broken is generally believed as the principle
to classify states of matter according to the quantum
field theory, such as solids, magnets and superconduc-
tors. In 1980s, as the discovery of integer quantum
Hall effect (IQHE) and fractional quantum Hall effect
(FQHE), the concept of topology ordering which orig-
inated from a mathematical concept to study the con-
tinuous deformation of geometric shapes or spaces, was
introduced into condensed matter physics, and opened
a new area in condensed matter physics 2222 Differing
from the traditional states of matter mentioned above,
the quantum Hall (QH) state does not break any sym-
metry and its properties depend on the global topology

rather than the specific local order.

Over the past 40 years, the study of QH state
has led to a new classification paradigm based on the
topological order 24, which is originally raised to char-
acterize the intricately correlated QH states2224], In
these regards, the simplest QH system is the integer QH
states, which can be understood within the framework
of the band theory. Figure m(a) describes the electronic
structure of a conventional insulator. Due to the pin-
ning effect of the outer electrons by their atoms, the

valence band and conduction band are divided by an
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FIG. 1. The illustrations of band structures of a (a) normal
insulator, (b) quantum Hall insulator and (c) quantum spin
Hall insulator.

energy gap, which the electrons can hardly overcome
directly. While for the QH insulator, the outer elec-
trons are pinned by the applied magnetic field, which
opens an energy gap and leads to an insulating bulk
state. However, due to the bounced cyclotron orbits in
the edge, the electrons can skipping motion along the
edge, resulting in a single edge or surface state which
connects the valence band and conduction band, as can
be seen in Fig. E(b)

The simplest QH system is the IQHE, which al-
ways appears in a 2DEG under strong magnetic field

21l In this case, the electrons

and low temperature!
move along quantized circular orbits under the exter-
nal magnetic field, leading to quantized Landau levels.
As a consequence, the Hall conductance is quantized as

well, which could be written as:
Ouy = vE®/h (1)

where, v could be an integer or a fraction, which cor-
responds to IQHE and FQHE, respectively. Thouless
et al. explained the differences between the QH state
and normal insulator by using the concept of topology,
and found that v is identical to the Chern invariant
n 024 The topological invariant of QH state will
change on the boundary, which is different from the
normal insulators. In this case, the boundary forms
some non-dissipative edge states. The electrons in the
edge will move in the chiral edge states protected by
E(a). It should be

noted that magnetic field will break time-reversal sym-

topological phase as given in Fig.

metry in the system.
In 2005, Kane and Zhang[2%29 predicted the real-
ization of quantum Hall effect (QHE) under zero mag-

netic field through the inherent strong spin-orbit cou-

(a) Chiral edge states of the QHE (b) Helical edge states of the QSHE
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FIG. 2. The illustrations of (a) chiral edge states of the
quantum Hall effect and (b) helical edge states of the quan-
tum spin Hall effect. The arrows represent the directions of
current and different colors represent different orientations
of spin.

pling in 2D TT respectively, which is named as quantum
spin Hall effect (QSHE). Kane and Mele 2327 rajsed
an effective way to obtain the QSHE state in converted
graphene from an ideal two-dimensional (2D) semimet-
alic state by a spin orbit potential. Similar to the QHE,
the QSHE is gapped in the bulk, while due to the gap-
less edge states, both spins and charges can propagate
at the boundaries, as shown in Fig. E(c) However,
the edge states are non-chiral, but insensitive to non-
magnetic disorder due to their correlated spin orienta-

tions.

Since the QSHE originates from strong spin-orbit
coupling, it can be protected by time reversal symme-
try and does not require a strong magnetic field. The
degree of freedom between the spin angular momentum
and the orbit angular momentum will couple together
and form a helical edge state. The band will be bended
inside the crystal, and electrons will be controlled by
a spin-dependent force. When there is a current, the
electrons with opposite spin will flow along the oppo-
site directions at the edges but the net current is not
zero, as shown in Fig. E(b) If the TT is a ferromag-
net, the magnetic ordering can break the time reversal
symmetry and open a gap at the Dirac point of the
surface states. In this case, ferromagnetism can sup-
press one spin channel in the QSH system. Thus only
one spin current is permitted to propagate at the edge,
which is different from the normal QSH state. This
is a time reversal symmetry-breaking state of matter
which is closely related to the QSHE, called the quan-
tum anomalous Hall effect (QAHE). In 2013, Chang et
al. experimentally observed the QAHE in chromium-
doped (Bi, Sb)sTes thin films for the first time, which
confirms the prediction that the QAHE occurs in mag-
netic TIs 28,
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B. Proximity effect of superconductivity

When two different materials are connected to each
other, the phase coherence of wavefunction may pen-
etrate from one material into another and induce new
properties, which is called the proximity effect. Assum-
ing when a non-superconductor (Non-SC) is attached
to a superconductor (SC) through a highly transparent
interface, as shown in Fig. E, the superconducting order
parameters of the SC (Ag) near the interface (about a
distance of &) is suppressed, while the order parame-
ters of Non-SC is induced to a nonzero value near the

Thus, there
1) the weak-

ened superconductivity properties of the SC, and 2) an

interface with a penetration depth of &y.

are basically two intermediate regions:

induced finite superconductivity state in the Non-SC.
This is the so-called superconducting proximity effect.
Particularly, the induced superconductor in the Non-
SC is of great interest because it provides a possibility
to obtain a TSC, which has been predicted by Fu and
Kane [E].

TSCs are fascinating because the induced 2D su-
perconductor is no longer a s-wave superconductor.
Since the surface states are spin non-degenerate and
only contain half the degrees of freedom of a normal
metal, the induced TSC states are similar to the spin-
less p, + ip, superconductors @’@]. Thus, the surface
superconductor should host zero energy Majorana state
bounds (MSBs) at vortex core B, The detailed infor-
mation for the proximity effect induced TSCs will be

discussed in the following subsections.

Non-superconductor

R e 4 |

SN

FIG. 3. The schematic of the hetero-junction between a su-
perconductor and a non-superconductor. The red line rep-
resents the superconducting wave function.

C. Topological superconductors

TSCs have a close connection to the orbital sym-
metry of gap functions, which corresponds to the rela-
tive orbital momentum of electrons to form a Cooper
pair. Figure E shows the potential energy near Fermi
surface with different orbit symmetries in 2D cases.
There are two types of spin symmetries for pair po-
tential: spin-singlet and spin-triplet. Symmetries of
the orbit and spin parts will be combined together to
keep the anti-symmetric nature of pairing functions.
Whether the s-wave superconductor or the d-wave su-
perconductor are spin-singlet, while the p-wave super-
conductor (SroRuO4 @7@) and f-wave superconductor
(UPt3 [Q]) are spin-triplet.

The pair potentials with different orbits have dif-
ferent numbers of nodes. Thus, the topological na-
ture can be characterized by topological number in
one-dimensional systems. The topological number is
an integer and nonzero coefficient corresponding to the
nontrivial phase of superconductor, which is constant
That

is, a non-zero topological number suggests a nontrivial

when energy gap is opened at the Fermi level.

edge state at the surface of topological superconductor.

. OO0

s-wave p,-wave p,-wave
Fermi Surface Q © @
L -wave d,2,2-wave f-wave

FIG. 4. Pair potentials on a two-dimensional Fermi surface.

When a TI is connected with an s-wave supercon-
ductor, an effective chiral p-wave superconductivity can
be induced at the TT/SC interface. Since chiral p-wave
superconductor characterizes a topological number of
“1”, the topological number will be modified from “0”
to “1”7 at the TI/SC interface, so the gapless energy
states near Fermi surface must exist at the interface.
Meanwhile, the number of zero-energy states in the

interface is consistent with the change of topological
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number.

D. Majorana zero mode

In the TSC, one of the most unique characters is
the fully superconducting gap but with topologically

B3, The Majorana fermions

protected Majorana state
whose antiparticle is itself, was firstly proposed by Ma-
jorana in 19379, Researches on MZM are extremely
hot in condensed matter physics because it is a promis-
ing candidate for topological quantum computation.
Since the Majorana fermions can only exist in the vor-
tices or boundaries of T'SCs, the realization of TSCs is

the key issue to create and manipulate MZMs B7:38]

As the simplest non-Abelian excitation, MZMs
would have profoundly technological applications for

n B84 According to

topological quantum computatio
the theoretical prediction, MZMs are associated with
the spinless p, + ip, superconductor, including the
quasiparticle excitations of the v = 5/2 quantum Hall
effect B8589 SroRu04 B4 cold fermionic atoms 20
and 2D structures combined with superconductivity,
magnetism, and strong spin-orbit coupling #2442  Be-
sides, MZMs can be created at the interface between
strong TTs and s-wave superconductors, which is easier

to be detected and manipulated experimentally.

E. The Fu-Kane mode

Compared with the ordinary insulator, the crucial
feature of the TI is the surface state, whose Fermi cir-
cle encloses an odd number of degenerate Dirac points
and is associated with a 7 Berry phase. Considering
the simplest case, with a single non-degenerate Dirac
point, the time reversal invariant Hamiltonian can be

described as:

Here, ¢ = (¢7,4)T is the electron field operator,
& = (0%, 0Y) is the Pauli spin matrix, u is the chemical
potential energy. Since the Hamiltonian H, violates

43

the fermion doubling theorem 3 it can only exist on

a surface.
Suppose there is a superconductor contacting with

this TI, the cooper pairs can tunnel into the surface

(a) —W —
© 470
\W/ 4
S/S
Tl
(c)

J
0 b 21

FIG. 5. (a) Schematic of the S-TI-S junction. (b) Dispersion
spectrum of the S-TI-S junction in (a). (c) Schematic of
the tri-junction between three superconductors, TI is lying
under the superconductors. (d) Phase diagram of the tri-
junction ®. Copyright ©2008, American Physical Society.

states due to the proximity effect, which means an ad-

ditional energy term add to the surface state:
V =AYy + hee. (3)

Here, A = Age’® depends on the nature of the surface,
and ¢ is the phase of the superconductor 4/, Then, the

surface states can be written by:
H = UTHY/2 (4)
U = ((¢pr,9y), (wI, —wl))T is the Nambu notation, and
H = —ivor? -V — pr? + Ao(1% cos ¢ + 7Y sin @), (5)

where 7 is a Pauli spin matrix that mixes ¢ and .

Fu and Kane 2 proposed a line Josephson junction
which consists of two superconductors with phase 0 and
m, and a TI barrier layer, as shown in Fig. B(a). The
width of the junction is W and the length is L — oo.
The Andreev bound states in the surface state channel
between the superconductors were analyzed by solving
the Bogoliubovde Gennes (BdG) equation HE = FE¢
with A(x,y) = Agei® for y > W /2, Ay for y < —W /2
and 0 otherwise. For W = p = 0, the energy spectrum
can be described by:

1/2

Ey(q) = £ [v*¢® + Af cos®(¢/2)] (6)

For ¢ = m, the spectrum is gapless. With decreasing
¢, an energy gap emerges and the bound states merge

with the continuum for ¢ = 0, as shown in Fig. E(b)
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FIG. 6. Measurement of superconducting gap and energy band on BizSes/NbaSes heterostructure. (a) Schematic of BizSes
film grown on NbaSes. (b) Height profile of BizSes along a line in the BizSes film. (c) Evolution of induced superconducting
gaps as the layer of BizSes film increases. (d) Top panel is the dI/dV spectrum of bared NbSe; and corresponding BCS
theory fitting. Bottom panel is the dI/dV spectrum of 3-QL BizSes film affected by NbSes and corresponding BCS theory
fitting. Figure (e) (f) and (g) are energy spectra of 3-QL, 6-QL and 9-QL BisSes films grown on NbaSes,respectively.
Energy spectra is acquired by ARPES measurement [E]. Copyright ©2012, Science.

While for a tri-junction, in which three supercon-
ductors are divided by line junctions meet at one point,
as shown in Fig. a(c), the MBSs will exist under certain
conditions. The phase diagram in Fig. B(d) is deduced
by solving the BdG equation with special limits. When
or=1,2 = 0, there is no bound state. However, when
three line junctions are oriented at 120°, which means
¢r = £k(27/3), and the + MBSs are found for p = 0.
Moreover, the MBSs will not disappear until the phase
difference between two neighboring superconductors is
m. The shadow regions in Fig. a(d) represent the MBSs

occur in the phase diagram.

Topological Josephson junction or SC/TI het-
erostructure based on proximity effect has attracted
a lot of attention since Fu-Kane mode was proposed.
It provided a vast platform to find MZM. Up to now,
creating TSCs via proximity effect have extensively
applied in 2DEG systems and Weyl semimetals [@’@].
Many reports proposed that topological edge states ex-
isted in such systems and could be tuned by gate volt-
age or magnetic field @@@] These systems are also in
great potential to create and manipulate MZM, which

needs more detailed investigations in the future.

III. TOPOLOGICAL
INSULATOR/SUPERCONDUCTOR
HETEROSTRUCTURES

As introduced in the Fu-Kane mode in section @,
TSCs can be induced by the TI/SC heterostructures,
while both the TT and the SC can be substituted. The
ideal superconductor is NbSes, which shows a typical
s-wave pairing symmetry. More importantly, the high
quality single crystal with 2D structure reinforces supe-
rior in the heterostructure and even device fabrications.
Other superconductors like BigSroCaCusOgys can also

be applied in the heterostructures.

A. Hybrid junctions of topological insulators

and s-wave superconductors
1. Heterostructure of BizSes/NbSey

Bi-based T1I materials, such as BisSes, BizTey and
Bi;_.Sb, @}, are known as the 3D TIs, which have
various desirable properties. Therefore, Bi-based TIs

are appropriate candidates to realize TSCs.

In 2012, Wang et al. 6 reported the observation
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of TSC in single-crystalline BisSes thin films grown on
2H-NbSes (0001) by molecular beam epitaxy (MBE).
Figure E(a) shows the schematic of BizSes/NbSesy het-
erostructur, and Fig. B(b) reveals the height profile ex-
tracted from the scanning tunneling microscopy (STM)

image, which is perfectly corresponding to the design.

Figure E(c) shows the evolution of superconduct-
ing gap-like dI/dV spectra with the BisSes thickness
increasing, which indicates that the induced supercon-
ducting gap decreases rapidly as the thickness of BizSes
film increases. Such evolution is in consistent with the
proximity effect. The upper panel of Fig. B(d) displays
the dI/dV spectrum of bared NbSes at 4.2 K, from
which a superconducting gap of about 1.1 meV can
be obtained since the spectrum is identical with the
Bardeen-Cooper-Schrieffer (BCS)-like tunneling spec-
trum function (labeled as red solid line). Nevertheless,
neither the BCS function nor the simple proximity ef-
fect function can fit the spectrum of 3-quintuple layers
(QL) BisSes film very well, although both of them can
give a roughly similar gap size (seen as Fig. E(d), lower
panel).

The energy band dispersions of BisSesz with dif-
ferent thicknesses measured by ARPES are shown in
Figs. B(e—g). Obviously, the Dirac point emerges when
the thickness is no less than 6 QL. For the 3 QL BisSes
film, an energy gap opens at the binding energy is ap-
proximate 0.6 eV. Besides, the energy band splits due
to the Rashba spin-orbital coupling at the binding en-
ergy of 0.15 eV (Fig. E(e)), which is not observed for
thicker samples, indicating the weak electric field on the
surface. Meanwhile, the energy gap disappears and a
Dirac point (labeled as DP in Figs. E(f—g)) emerges, re-
vealing the decoupling of the surface and interface. The
quantum-well like state (labeled as QW in Figs. B(f—g))
is also observed in this system. Similar phenomena are
observed in the thicknesses of 9 OL and 12 QL.

The observation of superconducting gap and Dirac
point at the topological BisSes surface by both STM
spectra and ARPES provides a direct evidence about
the coexistence of superconductivity and topological or-
der. The coexistence of the superconducting gap and
topological surface states in BizSes/NbSey heterostruc-
ture make it a promising platform to study the unusual

properties of the topological ordered superconductors,

and to detect MZMs B,

Growing TT films on superconductor substrate is
widely used for STM and ARPES measurement. Nor-
mally, if the thickness of TI film is too thin, two sur-
faces (SC/TI interface and TI/vacuum interface) will
couple together and Dirac point will disappear. When
the thickness of TT film is appropriate, superconducting
gap can be induced into top surface (TI/vacuum inter-
face) and coexist with surface state. MZM is predicted
to exist in the vortex core of both surfaces, which can
be directly probed by STM.

2. Heterostructure of BisTes/NbSes

In 2015, Sun et al.? reported the observation of
MZMs in the vortex core of 5QL-BisTez/NbSes het-
erostrusture with spin-polarized STM/STS measure-
ment. The measurement is based on the spin-selective
Andreev reflection (SSAR) of MZMs, which is a direct
and convincing evidence of MZMs.

SSAR is initially proposed in 1D systems[23.
When an electron is propagating from a superconduct-
ing lead to a non-superconducting lead, it will be re-
flected as a counter-propagating hole with the same
spin orientation at the interface[®, which is known as
the Andreev reflection. Since the vortex induced by the
applied magnetic field is quite small in the TSC, the po-
larization of surface states and finite-energy quasipar-
ticle states could be neglected in STM/STS measure-
ment. Figure H(a) depicts a vortex core on the surface
of BigTesz/NbSes. The size of vortex core is about 80
nm. In the vortex core, the direction of spin polar-
ization (SP) is consistent with the external magnetic
field. When the SP of the tip is parallel to the external
magnetic field, zero-energy electrons will be reflected
as counter-propagating holes and lead to a high zero
bias conductance. When the SP of the tip is antipar-
allel to the external magnetic field, zero-energy elec-
trons will be reflected directly and lead to a low zero
bias conductance, as shown in Fig. H(b) The tunneling
conductance difference between parallel and antiparal-
lel situations is about 14%. Figure H(c) indicates that
dI/dV is independent of spin orientation outside the
vortex core, which is a vital evidence to prove the ex-

istence of MZMs in vortex core.
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FIG. 7. STM/STS measurements performed at 30 mK and
0.1 T magnetic field. (a) Zero bias dI/dV mapping of the
vortex core on 5QL BisTes /NbSez measured by spin polar-
ized tip. (b) dI/dV curves in vortex core measured by spin
polarized tip. Red curve represents that the SP of tip is par-
allel to external magnetic field and black curve corresponds
to the antiparallel situation. dI/dV curve is normalized to
the dI/dV value outside of superconducting gap for compar-
ison. (c) dI/dV curves at 10 nm away from vortex core 2.
Copyright ©2016, American Physical Society.

Since the splitting energy between MZMs and
other low-lying vortex core bound states is proportional
to the square of the induced superconducting gap @],
lots of efforts have been spent on finding new SC/TI
systems with larger induced superconducting gap to de-
tect MZM by STM 2d5d53 . This work takes use of the
unique magnetic property of MZMs (SSAR) and suc-
cessfully differentiates MZMs from other vortex core
bound states. It is suggested that spin-resolved tech-
niques can also be applied into other systems for de-
tecting and manipulating MZMs 63546

3. Heterostructure of WTey/NbSe,

Although it has been realized in epitaxial 3D TI
films grown on superconducting substrates @’@], the
exploration of topological superconductivity in van der
Waals materials is more practical on devices fabrica-

tion. The unique stack structure of van der Waals

materials will induce 2D quantum spin Hall edges in
vertical heterostructures, which allowing the probe and

investigation of 1D topological superconducting states.

Soon after the theoretical prediction @], the intrin-
sic quantum spin Hall state has been experimentally
demonstrated in monolayer WTes @’@], providing a
excellent platform to investigate quantum spin Hall
edge modes in van der Waals heterostructures. More-
over, the monolayer WTe, was reported to be intrin-
sic superconducting when it was gated to the conduc-
tion band, and the critical temperature (T¢) is about 1
K @’El. In this way, the monolayer WTe, is an appro-
priate candidate to realize TSC. The remaining ques-
tion is to improve T.. Quite recently, Lipke et al. e
reported the coexistence of superconducting gap and
the quantum spin Hall signal at the edge of the mono-
layer WTes when they transferred the monolayer WTes
onto the van der Waals s-wave superconductor NbSe,.
It is encouraging that this approach is free of electro-
static doping and 7. is much higher than the intrinsic
one. They attributed this improvement to the proxim-

ity effect.

Figure E(a) represents the schematic of the sample
structure and measurement setup. The dI/dV spec-
tra of the NbSey (blue line) and the WTey monolayer
(red line) are shown in Fig. E(b) Apparently, similar
to the superconducting NbSey, the WTey monolayer
reveals a superconducting gap-like spectrum, which is
characterized by a dip at the Fermi energy, and two
peaks on either sides. Moreover, both the monolayer
WTe, and the NbSe; spectra can be fitted by the BCS
model, labeled as black dash lines in Fig. E(b)7 and the
fitted superconducting energy gaps are 0.72+0.02 meV
and 0.84 4+ 0.01 meV, respectively. To have a more de-
tailed theoretical analysis, a contrast experiment is per-
formed to isolate the respective contributions of WTes
and NbSes, as shown in Fig. E(c)

Figure E(d) represents a typical tunneling spec-
trum of the WTey/NbSes heterostructure. The gray
and maroon dash lines indicate the superconducting
gap of NbSes and proximity-induced that of WTe,. All
spetra can be fitted by BCS model very well, and the
size of the induced gap are 0.76 + 0.16 meV at 4.7 K
and 0.83+£0.08 meV at 2.8 K. Following the similar pro-
cedure, the induced superconducting gap of the WTes
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induced superconducting gap on monolayer WTes.
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on monolayer WTe, edge/NbSes [E]. Copyright ©2020, nature publishing group.

quantum spin Hall edge state is fitted to be 0.75 %+ 0.08
meV. Moreover, by comparing the profile of induced su-
perconducting gap spectra and the profile of quantum
spin Hall edge state, it is apparent that the supercon-
ducting gap exists in the region where the quantum

spin Hall edge state is observed.

The coexistence of superconducting gap as well as
quantum spin Hall edge states strongly suggest the
existence of 1D topological superconducting state in
van der Waals heterostructure. If a boundary of the
quantum spin Hall edge state is created, a topologi-
cally trivial gap will open and the MZM will localize
at the boundaries. This may be realized by integrating
a van der Waals magnetic insulator into this stacked
WTey/NbSes heterostructure to open a Zeeman gap.
The work establishes a groundwork to realize Majorana

quasiparticles in van der Waals materials.

B. Hybrid junctions of topological insulators

and d-wave superconductors

BiySroCaCus0g.6(BSCCO) is a typical d-wave
high-temperature SC and its T, is up to 90 K.
Zareapour et al. to investigated the proximity ef-
fect in BSCCO/BisSes heterostructures by attaching
a BisSes crystal onto a BSCCO base crystal (64, Fig-
ure B shows the electric transport measurements of
the BSCCO/BiySes interface along c-axis. The I —V
curves near 1. show a linear relation and a low resis-
tance, indicating a good quality of BSCCO/BisSes in-
terface. There are three superconducting gaps in the
heterostructure: Ag, A, and A;, which correspond to
the intrinsic superconducting gap, the reduced super-
conducting gap of BSCCO near interface, and the in-
duced gap in BisSes, respectively. When the tempera-
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FIG. 9. (a) DC current-voltage relation of BSCCO /BizSes
heterostructure in a temperature range passing through
Tc. (b) AC differential conductance spectra measured in
the same temperature range with figure (a), normalized
by the differential conductance spectra of 105 K. (c) DC
current-voltage relation of a low-resistance BSCCO /BizSes
heterostructure far below T;. (d) AC differential conduc-
tance of a low-resistance BSCCO/BizSes heterostructure
measured in the same temperature range with figure (c),
nogqalized by the differential conductance spectra of 105
KB4, Copyright ©2012, nature publishing group.

ture is lower than 60 K, the features of A; and A, start
to emerge. The kinks in I — V' curves and coherence
peaks in differential conductance spectra are obvious
at low temperature, as shown in Figs. E(C) and E(d)
Particularly, an Andreev reflection effect induced zero-
bias conductance peak in the range of 2A; is observed,
as shown in Fig. E(d)

In order to identify the induced superconducting
states in BisSez, Wang et al. performed the ARPES
measurement of the MBE grown BisSes thin films onto
the BSCCO substrate [@, which indicates a clearly
linear dispersion of electrons around Dirac point, as
shown in Fig. @(b) The right and left Fermi vec-
tors correspond to two peaks in momentum distribution
curve(MDC). The shift of Fermi level may be caused by
electric transforming from the BSCCO substrate. Un-
der the condition of 50 eV phonon energy, the energy
distribution curves (EDCs) will shift due to the exis-
tence of the energy gap in BisSes surface states, which
is different from the standard EDCs in a pure metal

surface. The energy gaps in different directions can be
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FIG. 10. (a) Schematic of BSCCO/Biz>Ses heterostructure.
(b) Upper panel is MDC curve integrated from 20 meV to
-20 meV, bottom panel is ARPES measured at 20 K with
phonon energy 50 eV. (c¢) and (d) are EDCs at Fermi mo-
mentums kz, and kg in figure (b). EDCs in black are taken
from a pure metal surface for comparison [Q]. Copyright
©2013, nature publishing group.

extracted from the shift in Figs. @(c) and E(d) Ac-
cording to the ARPES measurements, the induced gap
on the surface states is rather isotropic(not shown in
this paper). Thus, the d-wave superconductor induces

a s-wave superconducting gap in BisSes.
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FIG. 11. Electron structures of BisSes films grown on
BSCCO by ARPES measurements. (a) ARPES spectra of
1.5 QL and (b) 0.5 QL BisSes films©3. Copyright ©2014,
American Physical Society.

Due to the lack of direct evidence, the existence of
the superconducting gap in the surface state is still con-

troversial. For example, Yilmaz et al. (634 declares that
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there is no evidence that superconducting gap exists in
the topological surface of BisSes. Figure @ shows the
ARPES measurements on the similar BSCCO/BisSes
heterostructure, where there is a gap at Dirac point
when the thickness of BisSes film is 1.5 QL. EDCs of
BisSes films show that there is no clear gaps and co-
A short
coherence length along c-axis in BSCCO is probably

herence quasiparticle peaks in BisSes films.

the main challenge to fabricate topological supercon-
ductor. Besides, the crystal quality and the sensitive
interface also have to be seriously taken into account
for the proximity effect based on BSCCO.

Proximity effect of high-temperature superconduc-
tor is a fascinating research field. The induced gap
(about 10 meV) in BSCCO/BisSes heterostructure is
an order of magnitude larger than in conventional su-
perconductors (about 1 meV), which is quite suitable
for detecting MZM. Moreover, the induced supercon-
ductivity will exist in a relatively high temperature,
which is significant for practical applications. However,
the short coherence length and the high instability of
2D BSCCO limit the fabrications and measurements of

devices.

C. Hybrid junctions of topological insulators

and superconducting Pb
1. Heterostructure of Sn;_,Pb,Te/Pb

Different from the time-reversal symmetry pro-
tected TT like BisSes and BisTes, there is another class
of TI called the topological crystalline insulators(TCls),
e.g., SnTe and Snj_,Pb,(Se, Te), whose surface bands
are protected by crystalline symmetry instead of time-
reversal symmetry. Fu raised the concept of TCls
when studying the surfaces in highly symmetric sys-
tems @]. By introducing a simple tight-binding model
in a tetragonal crystal with C4 symmetry, as shown
in Figs. @(a) and @(b), Fu obtained a gapless surface
state on the (001) crystal face, as shown in Fig. @(c)

Soon after the theoretic prediction, TCIs were ex-
perimentally verified in SnTe-type IV-VI semiconduc-
tors, including isostructural PbTe and solid-solution
system Sn;_,Pb,Te [@’@]. Due to the topological pro-
tection of lattice symmetries, TCls are expected to form

(a) (b)

x

-4

FIG. 12. (a) Tetragonal lattice with two atoms A and B
along the ¢ axis in the unit cell. (b) Four high symme-
try points in the Brillouin zone. (c) Surface states with
quadratic band touching exist on (001) surface [E]. Copy-
right ©2011, American Physical Society.

a new type of TSCs that multiple MZMs may bound
to a single vortex @7@]. Although several experiments
have been made to induce bulk superconductivity in
TCIs @], there is still lack of direct evidence to demon-
strate the existence of superconducting TCIs, except

for the conventional full-gap STS spectra @].

Recently, Jia et al. 63 investigated the supercon-
ductivity of Snj_,Pb,Te/Pb heterostructures by STS
spectra and found an unconventional peak-dip-hump
gap feature, as shown in Fig. @ The STS spectra show
two sharp coherence peaks for both samples, indicat-
ing the induced superconductivity of Sn;_,Pb,Te. Be-
sides, the superconducting proximity effect in this sys-
tem is unexpectedly strong even at 4.2 K. Figure @(b)
shows the dI/dV spectrum taken on the Pb island,
which is corresponding to the spectrum of a conven-
The broad shoulders at the

outside sharp coherent peaks are due to the electron-

tional superconductor.
phonon interaction. The black curve is the simula-
tion according to the S-I-S model. Figure @(c) shows
the corresponding density of states (DOS) of Pb. The
dI/dV spectrum of Sn;_,Pb,Te, shown in Fig. B(d),
is quite strange compared with that of Pb. Except for
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FIG. 13. Unconventional superconductivity of Sni_,Pb,Te. (a) The STM topography of Sni_,Pb,;Te-Pb heterostructure.

(b) The dI/dV spectrum of Pb at the position shown in (a).

The black line is the simulated curve. (c¢) Corresponding

sample DOS of Pb. (d) The dI/dV spectrum of Sn;_,Pb,Te at the position shown in (a). The black line is the simulated

curve with a BCS-like sample DOS. (e) The same dI/dV spectrum of Sn;_,Pb,Te shown in (d).

The black line is the

simulated curve with a modified sample DOS. (f) Corresponding sample DOS of Sni_.Pb,Te [E]. Copyright ©2019, Wiley.

the tunneling of thermal excitation induced small peaks
around the zero bias voltage, there are two dips and two
small humps outside the sharp peaks. The black curve
in Fig. E(d) is the simulated curve with a BCS-like
sample DOS. Apparently, the simulated curve can fit
the dI/dV spectrum well between the two sharp coher-
ent peaks, but fails to fit the dip feature. By modifying
the sample DOS, the simulated curve (black curve in
Fig. @(e)) can reproduce the peak and dip features very
well. The corresponding sample DOS of Sn;_,Pb,Te
is shown in Fig. @(f), which is obviously distinct from
the BCS-like DOS of Pb in Fig. E(c) All these results
strongly support TSCs in Sn;_,Pb, Te/Pb heterostruc-
trues induced by proximity effect.

The Sn;_,Pb,Te/Pb heterostructrues demon-
strate a strong proximity effect. The induced super-
conductivity in Sn;_,Pb,Te can still be observed up

to 6.5 K, which even exceeds the maximum T, (4.7

K) of In-doped Sn;_,Pb,Te [@]. Both the vertical and
lateral heterostructures have a long coherence length
which is above 200 nm. Furthermore, Sn;_,Pb,Te/Pb
heterostructures fabricated by molecular beam epi-
taxy(MBE) can be atomically flat.
is along the lateral direction or the vertical direction

Heterostructure

can be easily controlled by growth temperature. As
a TCI, Sn;_,Pb,Te is expected to form a new type
of TSCs ZiE Unconventional superconductivity ob-
served in SC/TCI heterostructrues need to be further

explored.

2. Heterostructure of Pb/TiBiSes

We have discussed the realization of TSCs through
inducing superconductivity in TT by superconducting
proximity effect. Apparently, TSCs can also be ob-

tained in SC by topological proximity effect, which
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FIG. 14. Crystal and electronic structures of Pb(111) thin film on TIBiSe;. (a) Schematic diagrams of Pt/T1BiSe; het-
erostructures. (b) Comparison of the Brillouin zone between Pb (green) and TIBiSez (red). (c-e) ARPES-derived band
structures near Ep around the I' point for (¢) 17ML-Pb/TIBiSes, (d) 17ML-Pb/Si(111), and (e) pristine T1BiSes, respec-

tively. (f-h) Experimental band dispersions extracted from the peak positions of MDCs/EDCs for (c-e) fad

©2020, nature publishing group.

means the topological surface sates will migrate from
TT to the adjacent SC.

Recently, Sato et al. proposed an approach to real-
ize TSCs by topological proximity effect in Pb/TiBiSe,
They deposited Pb films on the
TiBiSey substrates by MBE. Figure @(a) represents
the schematic diagrams of crystal structures of Pb and
TiBiSes. The in-plane lattice constant a of Pb and
that of TiBiSey are estimated to be 3.5 Aand 4.2 A
respectively by low-energy-electron-diffraction (LEED)
and ARPES after deposition.
of lattice constant, the Brillouin zone of Pb is slightly

heterostructure ) .

Due to the mismatch

larger compared with TiBiSeq, as shown in Fig. @(b)
The overall ARPES results reveal drastically changes of
electronic structure after the deposition of Pd film on
TiBiSes (not shown in this paper). In brief, the valence
band of TiBiSe, disappears while several M-shaped
bands called quantum well states (QWSs) emerge. By
the way, the thickness of Pb is estimated to be 17 MLs.

Copyright

Figures E(c—e) show ARPES-derived band struc-
tures near Er around the I point with a higher res-
olution for 17ML-Pb/T1BiSes, 17ML-Pb/Si(111), and
pristine T1BiSes, respectively. The 17ML-Pb/Si(111) is
a control sample since the in-plane lattice constant of
Pb/Si(111) is close to that of Pb/T1BiSes. Figures @(f—
h) represent the band dispersion extracted from the
peak positions of EDC or MDC curves in Figs. @(c—e).
Obviously, there is an X-shaped band above the top-
most QWSs band in Pb/TIBiSe; while it is absent in
Pb/Si(111), which indicates that the band is not intrin-
sic for Pb film. Intuitively, the band is similar to the
Dirac-cone surface states of pristine TiBiSes, as shown
in Fig. Q(h) Moreover, the observed bands do not in-
volve any trace of pristine TiBiSes bands, e.g., the bulk
valence band (labeled as VB in Fig. @(h) lying below
0.4 eV in pristine TiBiSey, which rules out the possibil-
ity that the observed Dirac-cone-like band is due to the

accidentally exposed surface sates of TiBiSey through
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holes of Pb thin film. Thus, the observed Dirac-cone-
like bands indicate that the induced topological surface
states in superconducting Pb originate from topological

proximity effect.

Normally, the induced superconducting gap by
proximity effect in the vertical SC/TT heterostructures
is smaller than the intrinsic gap. The MZM is predicted
to be localized in the vertex core of SC/TI interface 2.
These are ubiquitous obstacles for STM measurements.
This work proposed a feasible method to realize TSC
and directly detect MZMs on the top surface of SC
grown on TT substrate by topological proximity effect,
which is possible to realize TSCs in other SC/TT sys-

tems 79l

IV. TOPOLOGICAL INSULATOR-BASED
JOSEPHSON JUNCTIONS

We have introduced several instances about prox-
imity effect induced TSCs.
tinuous phase transitions, topological phase transition

Unlike conventional con-

does not break any symmetry, leading to the difficulties
in revealing signatures of topological phases in T'SCs.
To date, the experimental evidence of nontrivial super-
conductivity mostly relies on the surface analysis, such
as STM/STS or ARPES, as discussed in section . In
this section, we will discuss the transport properties of
TSCs based on the S-TI-S Josephson junctions.

A. Josephson junction based on semiconductor

quantum wells

For the 2D semiconductor quantum well sys-
tem, the edge modes can be spin-polarized and cross-
propagating. Pribiag et al. reported the superconduc-
tivity edge-mode of 2D quantum well system in the
semiconducting InAs/GaSb quantum well %3 whose
topological phase originates from type-II broken band

alignment (77

Moreover, they constructed a S-TI-S
Josephson junction and demonstrated the bulk and
edge dominated regions are gate-tunable by using su-

perconductor quantum interference (SQI) techniques.
Figure @(a) shows the cross-sectional view of the

device layout. The contact separation (400 nm) is

significant shorter than the edge mode decoherence
length of superconducting aluminum (2~4 pm)[FS79,
The superconducting material is composed of Ti(5
nm)/Al(150 nm), and the S-TI-S junction is sand-
wiched by a Ti/Au top gate and a n™ GaAs substrate.
With the top-gate voltage Viz continually tuned from
negative to positive, the Fermi level will move up from
the valence band to the conduction band consecutively.
Undoubtedly, the Fermi level will locate in the topolog-

ical gap under certain Vi,.

When the Fermi level is tuned into the bulk band,
the critical current density J.(z) is spatially homoge-
neous along the width at a perpendicular magnetic field
B,=0, as shown in the middle panel of Fig. @(b),
and the junction will act like a superconductor-normal-
superconductor (SNS) junction. Since the Josephson
supercurrent I.(B,) is the Fourier transformation of
the profile of J.(x), the SQI pattern of a SNS junction
yields a typical Fraunhofer pattern, as shown in the bot-
tom of Fig. @(b) In contrast, when the Fermi level is
tuned into the topological gap, due to the edge-modes,
the J.(x) will mainly distribute in the edge, as shown
in the middle panel of Fig. E(c) As a consequence,
the SQI pattern will form a well-known ®g-periodic su-
perconducting quantum interference device (SQUID)
pattern, which is revealed by the solid line in the bot-
tom of Fig. @(c) Especially when the edge-modes have
helical characters, a 2®¢-periodic interference pattern

B9 a5 illustrated by the dashed lines in

is expected
bottom of Fig. @(c) Two dashed curves represent two
different phases, which depend on the fermion parity of
two edges &

In this Josephson junction based on InAs/ GaSb
quantum wells, bulk-dominated and edge-dominated
superconducting transport is highly tunable for electro-
static gating. An edge-dominated region which charac-
terize the 2D topological phase arises only under con-
ditions of high-bulk resistivity. This feature of InAs/
GaSb quantum wells makes it a promising platform to
detect MZM.

B. Josephson junction based on HgTe

Different from InAs/GaSb,
HgTe/HgCdTe

the TI phase in

originates from relativistic band-
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FIG. 15. (a) Cross-sectional view of device layout in the Al/InAs/Al junction. (b), (c) Top panel is the band structure of
InAs/GaSb quantum wells. Linearly dispersive helical edge states exist between conduction band and valence band and
arrows represent the spins of the states. Fermi level is in the bulk bands in (b) (orange rectangles), Fermi level is localized
at the edge states in (c) (orange rectangles). Middle panel is the corresponding critical current density profile and bottom
panel is the corresponding superconducting quantum interference pattern 3. Copyright ©2015, nature publishing group.

bending@]. As to the HgTe-based Josephson junc-
tions, Ren et al. reported that the transition between
topological phase and trivial phase can be tuned by
an in-plane magnetic field and phase difference ¢ be-
tween two superconducting leads in a Al/HgTe/Al pla-

nar junction [ac] .

The Josephson junction composed of 2DEG
HgTe and two superconducting leads Al is shown in
Fig. @(a). The ends of two Al leads are connected
to form a flux loop. The phase difference are deter-
mined between two leads by applying an out-of-plane
magnetic field B,. Figure @(b) shows the bound-state
spectrum in a long clean junction. When the Zeeman
energy is zero, Andreev states is two-fold degenerated
(dashed line in Fig. @(b)) and they will cross at the
point ¢ = m. When Zeeman energy is induced by
an in-plane field B,, double degenerate bound states
are spin-split. Former cross point will also split into
two cross points. At the range of ¢ between two cross
points, topological phase will emerge. Figure @(c) fur-
ther depicts the relation between the Zeeman energy
and the topological phase. As the Zeeman energy in-

creases, the range of topological phase broadens from

one point (¢=m) to the whole range of 27 and finally
narrows to ¢=m, which forms a periodic pattern until
the superconductivity is totally suppressed. Ideal topo-
logical phase is a diamond shape(dashed lines). When
the normal reflection is taken into consideration, the
phase accumulated by quasiparticles transverse from z
direction will make the phase boundary deviate from

the ideal shape.

Figures @(d)—(f) show the periodic modulation of
differential conductance by A¢ and dc bias voltages
under different B,s. When the Zeeman energy is zero,
the differential conductance curve is similar to a con-
ventional superconductor. A couple of coherence peaks
is about 120 'V, as shown in Fig. @(g) At four repre-
sentative phase difference, all the differential conduc-
tance curves have a valley shape near zero bias. When
B,= 0.7 T, the shape of the differential conductance
curve at ¢=n changes, depicted in Fig. E(h) The
valley shape near zero bias involves into a little peak,
differential conductance curves at other three phases
remain unchanged. It indicates that B,= 0.7 T is near
topological transition boundary for ¢=n. When B,=

1 T, the differential conductance curve at ¢=m has a
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FIG. 16. Topological transition in Al/HgTe/Al Josephson junction. (a) Schematic image of the Josephson junction which
is composed of HgTe 2DEG (cyan) and two superconducting leads Al (steel blue). The length and width of junction are
L and W, respectively. The ends of two superconducting leads are connected to form a flux loop. The tunnel probe tip
(gold) is on top of HgTe 2DEG, but is separated from it by a HgCdTe film. (b) Bound-state spectrum for k»=0. The
energy is in unit of A (induced superconducting gap). Dashed lines represent bound states when Zeeman energy is zero,
while solid lines represent nonzero Zeeman energy bound states. (c) Phase diagram in ¢-E. space. ¢ is the phase difference
between two superconducting leads and E. is the Zeeman energy. Blue shaded regions represent topological phase. The
deviation of topological phase regions from the diamond shape (dashed line) to the light blue ribbon shape is caused by the
normal reflection at the interface. (d)-(f) Differential conductance color maps as the functions of dc voltage bias and phase
difference A¢ with B,=0 T, 0.7 T and 1.0 T, respectively. The conductance is in unit of e*/h. (g)-(i) Line cuts of (d)-(f)
at Agp=0, /2, m and 3m/2 [@]. Copyright ©2019, nature publishing group.

sharp zero-bias peak. Zero-bias peak persists over a
wide range of ¢, which indicates a wide range of ¢ in
topological phase. The report extracted zero-bias cur-
vature in different ¢ and Zeeman energy to plot a phase
diagram of the device (not shown in this paper). The
E(c) When B, is low

, differential conductance curve at ¢== does not have

phase diagram is similar to Fig.

the a zero-bias peak which indicates a trivial phase.
It’s attributed to the disturbance of normal reflection
in superconducting-normal interface.

A general method to realize the transition from
trivial phase to topological phase is to tune the Fermi
level@’@]. However, in the HgTe/HgCdTe based

Josephson junctions, the topological transition could

be controlled by in-plane and out-of-plane magnetic
fields, which is more convenient and practical. Zero-
bias peaks characterized topological phase can be tuned
to be sharp and persist in a wide range of phase, which

paves the way for manipulating MZMs.

C. Josephson junction based on WTe,

WTe, is a type-II Weyl semimetal. In bulk WTes,,
the topological surface state is believed to emerge
in the form of Fermi arcs, connecting the projected
Weyl points in momentum space [@]. Recently, it is
proposed that bulk WTey in its Td structure (non-
centrosymmetric and orthorhombic) is a higher-order
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Superconducting interference pattern in Nb/WTes/Nb Josephson junction and extracted current profiles.

Schematic images of Josephson junctions based on WTez with the current propagating (a) along a axis in device A and (e)
along b axis in device B. Thick red lines in (a) represent well-localized hinge states along the a axis. The region shaded red
in (e) represents delocalized hinge states along the b axis. The SQI patterns corresponding to (b) device A and (f) device
B, respectively. Black lines represent the standard single-slit Fraunhofer patterns. The extracted critical current density
spatial distribution for (c) device A and (g) device B, respectively. Calculated wave functions of hinge states (d) along a
axis and along (h) b axis, respectively. The Insets in (d) and (h) are the calculated energy bands along a axis and along b

axis, respective

topological insulator (HOTT) and has topologically pro-
tected helical hinge states BA. A big difference from
the conventional TI is that WTey is bulk-conducted.
Therefore, it is a challenge to differentiate the bound-
ary states from bulk states by electrical transport mea-

surements.

Choi et al.

WTe, by electrical transport measurements based on

reported anisotropic hinge states in

the Josephson coupling between WTey and supercon-
ductor Nb [, Figures. @(a) and @(e) are schematic
images of Josephson junctions with the current prop-
agating along a axis and b axis of WTey, respec-
tively. Figures @(b) and E(f) show the superconduct-
ing quantum interference(SQI) patterns of both geome-
tries. The SQI pattern of device B is in good agreement
with the standard Fraunhofer pattern, which is shown
as black lines in Figs. @(b) and @(f) On the contrary,
the SQI pattern of device A does not obey the Fraun-
hofer pattern and the oscillation of critical current ex-
ists even under fairly high magnetic field. The SQI
pattern is closely related to the distribution of current
density, which is shown in Figs. @(c) and E(g) There
are two peaks of critical current density at two edges

in device A, which is apparently the signature of edge

Red lines represent the edge states and grey lines represent the bulk states, black dashed line represents
the Fermi level 7, Copyright ©2020, nature publishing group.

states. The edge states are depicted by red line along a
axis in Fig. @(a). however, the critical current density
is uniformly distributed in device B, as shown in red re-
gion of Fig. E(e). The highly anisotropic hinge states
in experiment is consistent with the result of theoretical
calculation shown in Figs. @(d) and @(h) The corre-
sponding SQI pattern is a standard Fraunhofer pattern.
To differentiate between the (1D) hinge-state scenario
and the (2D) Fermi arc surface-state scenario, a control
experiment is performed that using insulating AloOj3 to
change the critical current distribution. (not shown in
this paper). Experimental measurement results are in

good agreement with the (1D) hinge-state scenario.

The coupling between superconductors and Weyl
semimetals generates a lot of interesting physical phe-
nomena. An obvious point is that the strength of cou-
pling with the superconductor is selective for bound-
ary states and bulk states. Andreev reflections in
bulk states are suppressed due to conservation of chi-
rality B4, However, the coupling between topologi-
cal boundary states and superconductivity makes Weyl
semimetals, especially HOTI systems, an ideal plat-
form for TSC research @’@].

hinge states observed in bulk WTey are naturally 1D

The anisotropic 1D
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FIG. 18. Anomalous Fraunhofer patterns in Al/ BiSbTeSez/Al Josephson junction. (a) Schematic image of Josephson
junction based on BiSbTeSes. (b) Differential resistance as a function of gate voltage and dc current. Black dashed line
represents the Dirac point and white dashed line represents conduction band. (c)-(f), SQI patterns at fixed gated voltage

40 V, 0 V, —60 V and —80 V, respectively. The voltage is labeled by white arrows in figure (b).

The temperature of

measurement is 8 mK. Red dashed lines are the fits to experimental data using the maximum entropy method in a Monte
Carlo algorithm. (g) Critical current density distribution j(z). (h) The normalized critical current density distribution
j(x)/javg is the result of fitting indicated by red dashed lines in (c)-(e) i) Copyright ©2018, American Chemical Society.

topological-protected superconducting wires. Proper-
ties of hinge states such as the interplay with the mag-

netic order need to be further explored.

D. Josephson junction based on BiSbTeSe,

MZMs are predicted to exist in Josephson junc-
tion based on 3D TI. Fraunhofer patterns in such topo-
logical Josephson junctions sometimes present anoma-
lous features while the quantum mechanism is hard to
understand. Gahatak et al.

Fraunhofer pattern in Josephson junction based on BiS-

reported an anomalous

bTeSe, and attributed it to the inhomogeneous critical

current distribution IE] .

BiSbTeSes is a bulk-insulating 3D TTs, which is
advantageous to investigate topological edge states @].
Figure @(a) is the device structure of Josephson junc-
tion. BiSbTeSey is Josephson coupled with supercon-
ductor Al leads. The distance between two leads is 70
nm and the width is 2.9 um. Whether the “el.R,,-
to-A ratio” or the Multiple Andreev reflections results
indicates the high transparency of the junction. Fig-
ure @(b) shows the color map of the differential re-
sistance versus dc current with different gating volt-
age. The white solid line represents the critical current

with different gating voltage, which decreases when the

Fermi level is tuned from conduction band to the Dirac
point and even keeps nonzero at the Dirac point, in-
dicating the realization of the proximity-induced sur-
face superconductivity during the whole range of gating
voltage. The corresponding gating voltage of conduc-
tion band (Veg) and the Dirac point (Vpp) are labeled
as white and black dashed lines in Fig. @(b)

Figures @(c)—(f) depict the anomalous Fraunhofer
patterns at Vo= 40 V, 0 V, =60 V and —80 V, which
are labeled as while arrows in Fig. @(b) There are
several lobes disappear in these Fraunhofer patterns,
which could be generated by two mechanisms: One is
the nonsinusoidal phase relation, which is closely con-
nected with the 4m-periodic current-phase relation of
MZMs @]. In this situation, odd-number lobes will be
suppressed in Fraunhofer patterns, which cannot inter-
pret the particular patterns in this experiment fbd). The
second mechanism is due to the inhomogeneous criti-
cal current distribution. Figures @(g) and @(h) are
the inhomogeneous critical current distribution of the
junction obtained by fitting. Fluctuation of the junc-
tion length L(x) due to roughness of superconducting
lead Al and position-dependent transparency of SC/TI
interface may cause the inhomogeneous distribution of

supercurrent.

This report successfully fabricated a highly gate-
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FIG. 19. Topological superconductivity tuned by Zeeman energy in Al/InAs/Al Josephson junction. (a) Schematic image of
a planar Josephson junction. Planar Josephson junction contains a 2DEG and two superconducting stripes. (b) Schematic
image of the SQUID composed of two Al/InAs/Al Josephson junctions. Vgpc is used to measure the local DOS. Vi and
V3 are used to tune Fermi energy of JJ; and JJ2, respectively. (c-e) Differential conductance as a function of magnetic flux
in different Zeeman energy. Magnetic flux is tuned by B, and Zeeman energy is tuned by Bj. (f-h) Line-cuts of differential
conductance in figure (c-e). Black lines represent differential conductance spectra when phase ¢=0 and red lines represents
differential conductance spectra when phase ¢=m [@]. Copyright ©2019, nature publishing group.

tuned planar Josephson junction and quantitatively an-
alyzed the anomalous Fraunhofer patterns using maxi-
mum entropy method in a Monte Carlo algorithm @].
This method removes the constraint of the standard
Dynes-Fulton-type analysis and is able to identify any
form of inhomogeneous supercurrent distribution @].
The techniques applied in this experiment are help-
ful for the detection of MZMs in topological Josephson

junctions.

E. Topological insulator based SQUID

Since the planar Josephson junction is a promis-
ing platform to create and manipulate MZMs, Fornieri
et al. investigated the phase dependent topological
superconductivity in Al/InAs heterostructures by the

method of SQUID bd this heterostructure, 2DEG

InAs is a suitable material to fabricate S-TI-S junc-
tion due to the high electron mobility and strong spin-
orbit interaction @], while aluminum has a long elec-
tronic coherence length below 7. which is suitable for
Josephson junction fabrication. The superconductor-
semiconductor interface between InAs and epitaxi-
ally covered aluminum is measured to be high trans-
parency @], and the induced superconducting gap in
InAs was reported to be closed to the intrinsic super-

conducting gap of aluminum @].

The schematic of the planar Josephson junction
consisting of two superconductor (Al) stripes and a
2DEG (InAs) layer is shown in Fig. E(a). The phase
dependence of topological superconductivity is mea-
sured by the laterally coupled quantum point contacts
(QPC) when embedding the junction into a dc SQUID,
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as shown in Fig. @(b) The top junction is labeled as
Junction 1 (JJ1), and the bottle one is labeled as Junc-
tion 2 (JJ2). A dc voltage combined with a small ac
voltage is added into the QPC to measure the differen-
tial conductance (G) of JJ1. The top gate is used to
define a sharp tunnel barrier when the top gate volt-
age is near zero®. The SQUID is asymmetry due to
different sizes of JJ1 and JJ2.

The oscillations of G as a function of magnetic flux
®g, which is tuned by B, under different dc voltages
(Vaa) are shown in Figs. @(c—e). The in-plane mag-
netic fields Bys are 0 mT, 525 mT and 775 mT respec-
tively for these three patterns. Figures @(f—h) repre-
sent G versus Vgq curves at ¢ = 0 and ¢ = 7 un-
der different Bjs, which are labeled as black and red
lines in Figs. @(c—e). Obviously, The zero-bias con-
ductance is nearly the same when magnetic field B)=0
mT, as shown in Fig. @(f) The electric transportation
is phase-coherent which is resulted from the Andreev
reflection at the interface. The minimum of supercon-
ducting gap in JJ1 is unable to be tuned to zero due to
the finite sized width. But a finite sized width is nec-
essary for Josephson junctions to keep a large enough
induced gap when magnetic field is 1 T. Zeeman energy
induced by B determines the emergence of zero-bias
conductance peak (ZBP). When Bj increases continu-
ally, discrete Andreev bound states move to zero en-
ergy. When B) is 525 mT, the ZBP emerges at ¢ = 7
and disappears at ¢ = 0, as shown in Fig. @(g) The
ZBP will extend from ¢ = 7 in phase space. When B,
idm), zBP

emerges in ¢ = 7 and exists at the whole range of

is increased to 775 mT, as shown in Fig.

phase ¢. ZBCP of ¢ = 0 will last when in-plane mag-
netic field B is large enough, indicating that MZMs
will emerge at full range of the JJ1 and MZMs will last

at full range of phase.

In-plane magnetic field B, phase difference ¢ and
chemical potential are applied to tune topological phase
in the SQUID. In the experiment, ZBP characterizing
topological phase is rather sensitive to the change of
phase difference . The range of ¢ that ZBP emerges
is dependent on chemical potential and in-plane field.
The dependence of ZBP is qualitative in agreement
with theoretical calculation of a finite-size topological

Josephson junction, it can be well understood as the

behavior of Majorana wavefunction. The influence of
chemical potential dependents on the geometry of junc-
tion. Consequently, if the influence of chemical poten-
tial can be suppressed, the design of topologically pro-
tected quantum device will be greatly simplified 227
This is one of the main motivation for future materials

and design improvements 2829,

V. SUMMARY

In this review, we give an overview of the prox-
imity effect induced topological superconductivity in
TI/SC heterostructures. The topological superconduc-
tivity is a promising way to avoid the problem of main-
taining coherence in quantum computation, and pro-
vides an ideal route for fault-tolerant quantum com-
putation and superconducting spintronics. The most
practical way to induce topological superconductivity
is through proximity effect, which is dominated by the
properties of the TIs and the corresponding interface
between the TIs and the s-wave SCs. Here, we intro-
duce the general backgrounds of TIs, the proximity ef-
fect of superconductivity, the TSCs, the MZMs, and
the theoretical Fu-Kane model. Besides, we review the
recent experimental progress on TSCs and MZMs in
both hybrid structure devices and JJs. For the hybrid
structure devices, we introduce the 3D TI (BisSes) on s-
wave SC (NbSez) and d-wave SC (BisSraCaCusOs45),
TCI (Sn;—,Pb,Te) on Pb, 2D TI (WTey) on s-wave
SC (NbSeg), and the topological insulating proximity
effect of TiBiSe; on Pb. For the JJs, we introduce
the TI based Josephson junctions based on Fu-Kane
system, and the superconducting quantum interference

device by TI based Josephson junctions.
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