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Topological materials, hosting topological nontrivial electronic band, have attracted widespread atten-
tions. As an application of topology in physics, the discovery and study of topological materials not only
enrich the existing theoretical framework of physics, but also provide fertile ground for investigations on
low energy excitations, such as Weyl fermions and Majorana fermions, which have not been observed yet
as fundamental particles. These quasiparticles with exotic physical properties make topological materials
the cutting edge of scientific research and a new favorite of high tech. As a typical example, Majorana
fermions, predicted to exist in the edge state of topological superconductors, are proposed to implement
topological error-tolerant quantum computers. Thus, the detection of topological superconductivity has
become a frontier in condensed matter physics and materials science. Here, we review a way to detect
topological superconductivity triggered by the hard point contact: tip-induced superconductivity
(TISC) and tip-enhanced superconductivity (TESC). The TISC refers to the superconductivity induced by
a non-superconducting tip at the point contact on non-superconducting materials. We take the elabora-
tion of the chief experimental achievement of TISC in topological Dirac semimetal CdsAs, and Weyl semi-
metal TaAs as key components of this article for detecting topological superconductivity. Moreover, we
also briefly introduce the main results of another exotic effect, TESC, in superconducting Au,Pb and
Sr,RuOy single crystals, which are respectively proposed as the candidates of helical topological super-
conductor and chiral topological superconductor. Related results and the potential mechanism are con-
ducive to improving the comprehension of how to induce and enhance the topological superconductivity.

© 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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1. Introduction doping in topological insulator system, topological superconduc-

tivity is claimed [21,22]; third, some strong spin-orbital coupling

Recently, topological superconductor has attracted much atten-
tion in the condensed matters physics [1-7]. Not only is it pre-
dicted to host a number of exotic physical natures [1-7], but it is
also regarded as the carrier of Majorana fermions, which can be
potentially applied to fault-tolerant quantum computation [8-
10]. Up to now, several methods have been exploited to look for
the topological superconducting state. First, by taking advantage
of the superconducting proximity effect in the spin-orbital systems
[11-13], the zero bias conductance peak (ZBCP) as a signature of
Majorana bound state is detected [14-20]; second, by chemical
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superconductors are proposed to be topological nontrivial [23-
27], such as Au,Pb [23] and SroRu0, single crystals [24]. In this
review, we will mainly introduce tip-induced superconductivity
(TISC), a relatively new experimental method, which is proved to
be capable of inducing and investigating the potential topological
superconductivity in non-superconducting topological materials
by using the hard point contact spectroscopy [28-32].

The hard point contact spectroscopy is a very useful method to
study the properties of superconductors [33]. Unlike the scanning
tunneling microscopy (STM) without intrusion/destruction to the
sample in the probing process, the hard point contact spectroscopy
would locally introduce some additional effects to the sample by
the tip and may induce some exotic phenomena by modifying
the properties of sample in the mesoscopic contact region
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[23,28-32,34-40]. Among these phenomena, the most promising
one is so-called TISC [28-32,34,35]. Here, we define the TISC as a
superconductivity-like gapped feature induced by a non-
superconducting tip at the point contact on non-superconducting
materials. The gap is gradually removed when the temperature
or the magnetic field is increased above critical value, consistent
with the behavior of point contact spectra (PCS) for the supercon-
ductor. Therefore, we strongly argue that this gapped feature is
TISC. As the definition implies, TISC is a phenomenon that the
superconductivity is induced near or at the interface of the hard
point contact between two non-superconducting materials. After
the observation of unconventional TISC in three dimensional topo-
logical Dirac semimetals CdsAs, [28,29], the hard point contact
measurement has been employed on different topological materi-
als to detect topological superconductivity. When it works in non-
superconducting topological materials [28-32,34,35], the topolog-
ical nature of these parent materials can probably be inherited by
the induced superconducting states in favor of forming the topo-
logical superconducting states. For example, the TISC in Dirac
semimetal Cds;As, shows zero bias conductance peak (ZBCP) in
PCS, which could be taken as the signature of Majorana fermions
after reasonable consideration [28-30]. Compared to other meth-
ods of investigation of topological superconductivity mentioned
above, the TISC method on topological materials induces the super-
conducting phase in non-superconducting topological materials
and offers the spectroscopic information of the superconducting
order parameter synchronously.

As a newly developed experimental technique based on hard
point contact spectroscopy, TISC method shows its great potential
in the research of topological superconductivity. Hence, in this
review, besides the introduction of the basic knowledge about
TISC, we will restrict ourselves to the achievement of TISC in topo-
logical materials. This review consists of five sections: Section 1 is
the introduction; Section 2 starts with the basic knowledge about
the point contact spectroscopy and then focuses on several typical
transport characteristics of traditional point contact measure-
ments on superconductors, which have not been fully discussed
yet; the related discussion is helpful to analyze the PCS of TISC;
Section 3 describes the TISC in details, including the effects from
“needle-anvil” configuration and the TISC on Dirac/Weyl semimet-
als; Section 4 summarizes TESC for further investigation on topo-
logical superconductivity; Section 5 makes a perspective on TISC
and TESC as a way to detect topological superconductivity.

2. The point contact spectroscopy

As mentioned above, either the TISC or TESC is performed by the
hard point contact measurements. Therefore, the basic knowledge
of point contact measurements, especially on superconductors,
would be helpful for analyzing TISC or TESC. In view of this, it is
necessary to give a brief introduction of the background knowledge
of the point contact spectroscopy here, although the theoretical
model and experimental achievements of point contact spec-
troscopy have already been reviewed [41-45]. After that, some
typical characteristic curves of point contacts on superconductors,
like the temperature dependence or the magnetic field dependence
of the point contact resistance, are carefully discussed.

2.1. The classification of point contacts

The point contact is a simple constriction with radius smaller
than mean free path between two materials. Since a modified
structure of tunnel junction as the first point contact was realized
by fabricating metallic mirco-short in the insulating barrier
between two metals by Yanson [46], several types of point contacts

have been developed: (i) break junction: the break junctions are
fabricated by breaking samples to form the homo-contacts
between two broken clean surfaces at low temperature by using
a mechanical controllable system [47]. (ii) Point contact made by
nanolithography: an insulating layer with a through-hole is depos-
ited on the studied sample, where the hole with the diameter of
several hundred nanometers is made by election beam lithography
and dry etching; then, metal film is grown on the insulating layer
and fills the hole simultaneously as a point contact [48,49]. A typ-
ical configuration is shown in Fig. 1a. (iii) Soft point contact: the
soft point contact is usually created between a clean sample sur-
face and a small drop of silver paste, as shown in Fig. 1b. The dis-
crete silver grains in the paste touch the sample surface and form a
series of parallel channels, which result in an effective contact size
much smaller than the size of silver paste. The soft point contact
could be mechanically and thermally stable, but the degraded sur-
face layer of the sample near the contact interface would induce
the inelastic scattering, which often broadens the conductance
curves [21,44]. (iv) Hard point contact. A hard point contact is also
called the “needle-anvil” configuration, as depicted in Fig. 1c,
which is made between a sharp tip and a sample by pressing the
tip onto the surface of sample [50]. The most kinds of the tip can
be mechanically sharpened with the radius of the apex of tens of
micrometers. Sharper metal tips with ending radius of the curva-
ture of sub-micrometers can be obtained in the method of electro-
chemical etching.

2.2. The advantage of hard point contact

Several advantages make hard point contact become most com-
mon configuration among the methods mentioned above. (i) Tens
of point contact states can be obtained in the same run of the mea-
surement. (ii) The point contact resistance can be tuned by
approaching or withdrawing the tip to the sample. (iii) The hard
metal tip can pierce through the dead layer of the sample and
probe the information of fresh layer. (iv) Some affiliated effects,
such as doping effect, pressure effect, and interface effect, which
were supposed to avoid for traditional point contact measure-
ments but now are found to be able to induce or modulate some
new physical phases near or at the contact interface.

2.3. Three regimes of point contact

In this section, we will focus on the homo-contact and model
the contact as a circular orifice of radius r in a dielectric layer
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Fig. 1. (Color online) The schematics of three types of point contacts. (a) One
configuration of point contact junction fabricated by nanolithography. (b) Soft point
contact configuration. (c) Needle-anvil configuration, also called hard point contact
configuration.
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between two metals for simplicity. Depending on the comparison
between the radius r of the point contact and the electron elastic
(inelastic) mean free path [ (I;) of the sample, the point contact
states can be categorized into three mesoscopic regimes: ballistic
regime (r < l.), thermal regime (r > [;), and intermediate regime,
which is between ballistic and thermal regimes.

2.3.1. Ballistic regime

When the contact radius r is much smaller than the electron
elastic mean free path (r < l.), the point contact locates in the
so-called ballistic regime. In this situation, if the voltage V is
applied to the contact, the electrons would be accelerated in the
process of passing through the point contact without any scatter-
ing, the gained kinetic energy eV of electrons would directly reflect
the energy separation between two parts of the split Fermi surface
in the ballistic point contact. Thus, the point contact spectroscopy
can be used as a momentum-resolved and energy-resolved spec-
trometer to probe the local information of Fermi surface of the
sample in the contact region. The ballistic resistance was first stud-
ied by Sharvin in 1965 [51] and expressed by Sharvin resistance
formula

4pl.
= . 1

3mr2’ (1)
where p is the resistivity of sample. Based on the Drude model,
pl = bkg/ne? is a constant for a particular metal, where kg is Fermi
vector, n is electron density. Eq. (1) can be further rewritten as

S

_ AR
R = ) (2)

Rq= hj2e? = 12.9 kQ is the quantum resistance. Eq. (2) suggests that
the ballistic contact resistance depends only on the contact geome-
try for a given materials. Moreover, the size of a clean ballistic point
contact can be also calculated by using Eq. (2). When the ballistic
contact consists of two simple metals, such as copper, the contact
radius r can be roughly estimated as 15/1/Rs(2) nm [36]. In the case
of point contact with finite barrier, the R; would be rewritten as Rpc/
(1 +Z?), where Z is barrier parameter.

For a ballistic point contact between two normal metals, the
Sharvin resistance gives a linear I-V characteristic, describing the
ballistic injection of electrons without any scattering. But at some
specific bias voltage, the electrons can be inelastically scattered
back through the orifice by phonon, magnon, and so on
[33,41,42]. This backflow current can further contribute a correc-
tion to the total current, leading to a measurable deviation from
the linear dependence of the I-V characteristic; Surprisingly, its
second derivative turns out to be proportional to the point contact
electron-phonon spectral function agcF(eV), where odc is the aver-
aged electron-phonon interaction matrix element with considering
the influence of contact geometry, and F(w) is the phonon density
of states. Finally one obtains

d’l 16er

- = 2
07 = 3Ry MhcFEY), 3)

where ¢ is the Fermi velocity. More generally, besides the electron-
phonon interactions, the electron-electron interaction [36] and
superconductivity [52] can also be characterized by the nonlinear
I-V curves or the PCS.

2.3.2. Thermal regime

When the radius of a point contact is much larger than the
inelastic mean free path, this point contact is in thermal regime.
The homo-contact resistance in this regime is described by Max-
well resistance formula

p
Ru =5 4
Unlike the point contact in ballistic regime where the Fermi surface
in the two electrodes has a difference of eV, the Fermi surface of a
thermal point contact evolves smoothly within the contact area,
and a well-defined equilibrium temperature profile is formed at
the same time. In the transport process, the electrons lose most of
their energy in the contact area, and contribute to the local Joule
heating, which results in an increase of temperature in the contact
area. The point contact temperature (Tpc) can be effectively
expressed by

T2 =T? +V—2 (5)
PC bath 4L7

where Tpaen is the bath temperature and L is the Lorenz number. For
a rough estimation, when Ty, < Tpc, ONe can estimate the effective
point contact temperature (unit of K) using the bias voltage (mV) by
a factor of 3.2 K/mV [42]. And the correlation between the I-V char-
acteristic and the temperature dependent resistivity p(T) of the
metal can be further calculated by using the formula [42],

1 dx
o (VT2 vy

(V) =2rv (6)

where kg is Boltzmann constant. This formula can also be used to
reconstruct the p(T) in the thermal contact area from the measured
I-V curve, as shown in Section 2.6.3.

2.3.3. Intermediate regime

The intermediate regime is between the ballistic regime and the
thermal regime. Its resistance can be calculated by the Wexler for-
mula [53], which is the simple interpolation of the Sharvin resis-
tance and the Maxwell resistance

R:RS+FRM=;£§+F% @)
I is the slowly varying function of the ratio l./r with the order of
unity. Considering the extreme situation, I" would be equal to 0
(or 1) for ballistic (thermal) regime, which means that the Sharvin
resistance would be dominant if [./r > 1. Vice versa for the situation
of I;/r <« 1, the Maxwell resistance would play a crucial role. Some-
times, people prefer to define the so-called diffusive regime during
the elaboration of point contact regime. In diffusive regime, the
point contact radius is larger than the elastic mean free path but
still smaller than the diffusive length (A = (lil.)"/?) for the inelastic
scattering. This suggests that the elastic scattering process can
occur within the contact region but the inelastic scattering process
is still forbidden in diffusion regime. One can expect that the PCS in
this situation still contains direct energy-resolved information
about the inelastic scattering of the electrons back through the ori-
fice as that in the ballistic regime.

For a hetero-structured point contact [44], the Wexler resis-
tance can be re-written as

4pl.

ptip + psample
3mr? '

RPC:RS+FRM: JFFT (8)

When point contact is out of the ballistic regime, both the tip and
the sample contribute the finite value to the total resistance. It is
noticed that Wexler formula is usually used to roughly describe
the resistance of a point contact with small barrier normal to the
current. That is to say, large barrier at the interface of point contact
would alter the current flow and disturb the Ohm’s Law current,
leading to invalidation of the Maxwell term in the Wexler formula
[53].



1144 H. Wang et al./Science Bulletin 63 (2018) 1141-1158

2.3.4. The magnetoresistance of a point contact out of ballistic regime

Analyzing the magnetoresistance of a point contact in interme-
diate regime or thermal regime is also important. Since it directly
reflects the field dependence of the resistivity of sample in these
regimes, it can be used for exploring the magnetic properties of
sample in two aspects: (i) in the case of the point contact with
small barrier (Z < 1), the magnetoresistance would be helpful for
rough estimation of the size of point contact [30]. Details can be
referred to Section 2.4. (ii) When the point contact is used for
investigating the topological semimetal, it is easy to observe the
Shubnikov de Haas oscillations (SAHOs). The analysis of SAHOs
[54,55] would help determine whether the topological properties
survive in the point contact.

2.4. The estimation of size of a point contact

It is hard to estimate the size of a real point contact, because of
the formation of multiple channels and the existence of the barrier.
However, several methods have been proposed to estimate the
effective size of the point contact, and further determine what
regime the point contact locates: (i) one traditional method to
check whether the point contact in ballistic regime or not is to
compare the [. of sample with the radius of the point contact,
which is calculated by assuming that the point contact resistance
(Rpc) is equal to Sharvin resistance. If the point contact radius is
much smaller than ., one can speculate the point contact is in bal-
listic regime, and the calculating radius is proper. Otherwise, the
point contact is out of the ballistic regime and the radius of point
contact must be estimated in other methods as demonstrated in
the following part (ii) and (iii). (ii) If only the resistivity (ps) of
the sample is sensitive to temperature but the resistivity of the
tip (p¢) is not, one can estimate the point contact radius by using
the formula: r=(dps/dT)/(2dRpc/dT), because all the temperature
dependence of the Rpc totally comes from the resistivity of sample
[42,56]. (iii) In the case of that the field dependence of resistivity of
sample is much more sensitive than that of tip, the size of point
contact can also be calculated by the formula: r = (dps/dH)/(2dRpc/
dH) [30]. And the weight of the Maxwell resistance Ry; in Rpc can
also be roughly estimated by the formula: [ps(H)-ps(0)]/ps(0) =
[Rpc(H)-Rpc(0)]/Rm(0) [30]. It is noticed that the methods men-
tioned in this paragraph are only applicable in high transparency
point contact situation, which means that the Wexler formula
can be used to describe the Rpc.

2.5. The measurement of the PCS

Usually, the PCS mentioned in this text is the first order deriva-
tive of [-V characteristics, which is measured by the so-called
“standard lock-in technique”. In this technique, the supplied cur-
rent consists of a small ac current i at the definite frequency w
and a DC current I (i < I). The former one is superimposed onto
the latter one through an adder. If ac current i is small enough,
the voltage can be expressed by the Taylor series expansion
1

V(I +icos(wt)) = V(I) + cll—‘l/icos(wt) t2

2

x c('17‘2/1'2(1 +cos (2wt)) + - -. (9)
From Eq. (9), the first (second) order derivative dV/dI (d*V/dI?) can
be obtained by measuring the signal of frequency w(2w) using the
phase-sensitive detection. In general, the higher order terms of i are
neglected due to their small values. The block diagram of this tech-
nique in our lab is shown in Fig. 2. A DC current I (supplied by Agi-
lent B2901A) couples a small ac current i (supplied by SR7265 Lock-
in amplifier) with a specific frequency through an adder box. As the
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positioner
controller

34410A ‘

Pre-amplifier ‘

IEEE

BUS

V+w(w) ‘
w(w) SR7265 ‘

IHi(w)

=
Sampl iz |
ample <™ —

Nano- Vv

positione S B2901A

stack Dilution —

refrigerator

Fig. 2. (Color online) The schematic of point contact measurement by standard
Lock-in technique.

measurement schematic shown in Fig. 1c, the mixed current passes
through the point contact along the current path, and the DC (ac)
voltage is acquired along the voltage channel by Agilent 34410A
(SR 7265 Lock-in amplifier).

As shown in Fig. 3, the point contact is established in a nano-
positioner system from Attocube [23,28,30,36], which is protected
by a copper radiation shield. The nano-positioner stack is mounted
in a home-made housing. The sample holder is fixed on the stack
and the tip holder is mounted on the top of housing. One can drive
the positioner to the selected position and approach the sample to
contact with the tip through the corresponding controller. The
coarse approaching process of AFM is used to make the point con-
tact, instead of monitoring the vibration amplitude of tuning fork,
the resistance between the tip and the sample is monitored by the
external circuits; the approaching process would be ended when
the measured resistance is smaller than the target value. The point
contact housing is inserted into a Leiden dilution refrigerator by
top-loading to obtain the cryogenic circumstance. Thus, a probe
to mount the point contact housing and to load the electrical wire
connecting the external circuits is designed. To reduce the heat
transfer and minimize the wire resistance, the wires in the probe
are designed to consist of two parts: the superconducting wires

-- Top Flange
Probe -- Cold finger
- - Springs
.- Thermal link
Teflon tape__
Heater
AFM head
Sample holder
Radiation shield
)N‘A
Teflon plate -4==J Tip holder

Fig. 3. (Color online) The setups of cryogenic point contact spectroscopy. The
atomic force microscopy (AFM) head is mounted at the bottom of probe of dilution
refrigerator by the spring system. A copper cylinder is employed as the radiation
shield.
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from mixing chamber to 3 K plate and phosphor bronze wires from
3 K to the end at room temperature. Both of the tip and sample are
fixed to one copper housing, this would ensure that the displace-
ment between the tip and sample is small enough to stabilize
the point contact during field and temperature ramping; a sus-
pending spring system is designed as the connection between
the housing and the bottom of the probe to damp the vibration
from circumstance. With those designs, a stable point contact
can be obtained and measured.

2.6. Superconducting point contact

A point contact between a superconductor and a normal metal
is usually called superconducting point contact. This method used
to measure the superconducting gap is often referred as point con-
tact Andreev reflection (PCAR) spectroscopy, because of the occur-
rence of the Andreev reflection at the interface of the point contact.
In general, people take advantage of the superconducting point
contact to investigate the properties of superconductors in the fol-
lowing aspects: (i) obtain the magnitude of superconducting order
parameter from the PCS; (ii) analysis of the superconducting pair-
ing symmetry. Using the BTK model and taking account of the
order parameter of different pairing symmetry, one can theoreti-
cally get the calculated typical PCS for different pairing symmetry.
This would be helpful to analyze the PCS obtained in experiments
and determine the pairing symmetry. (iii) Analysis of the super-
conducting pairing mechanism. The second order derivative spec-
tra give the information of quasiparticle excitations, which would
be useful to analyze the pairing mechanism of the Cooper pair.
(iv) Measure the spin polarization of the metal (see Section 2.6.5).
Beyond these, two newly developed methods based on the super-
conducting point contact need to be mentioned: (a) TESC: modifi-
cation of the superconducting properties. When a superconductor
contacts with a normal metal tip in point contact, some additional
effects like local pressure effect, doping effect, and interface effect,
would also be introduced to the contact area and tune the local
properties of the superconductors such as superconducting transi-
tion temperature T, (see Section 4), in analogy to applying a pres-
sure or chemical doping. (b) TISC: inducing novel superconducting
state at the point contact between two non-superconducting mate-
rials (see Sections 3.2 & 3.3).

2.6.1. BTK theory

In the case of a ballistic superconducting point contact without
barrier at the temperature much smaller than superconducting
transition temperature of the superconductor (T <« T.), the contact
conductance at small bias (V < 4/e) would double the value of the
conductance at high bias (V> 4/e) as a result of Andreev reflec-

(@) ‘
2:3 Z=0.0
Z=0.5
2.0 7Z=1.0 4
7=2.0
c Z=5.0
= 15
2
~
210
0.5F 7/1:=1/10 [14(0)=0 |
0.0 -4 -2 0 2 4

E/A
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tion. In 1982, Blonder et al. [57] exploited the I-V curves of super-
conducting point contact with a barrier of arbitrary strength at the
interface. The total current can be expressed by

Ins = I(1+22)/eV / - eV) — FE +A(E) - BE)E,
(10)

where Iyy is the total current of the normal metal/normal metal
junction. f(E) is the Fermi distribution function, the values of A(E)
and B(E) are probability of Andreev and ordinary reflection, the
quantity [1 +A(E)-B(E)] is referred as the transmission coefficient
for electrical current. Z is a dimensionless barrier strength parame-
ter. The PCS for different Z parameters has been calculated using Eq.
(10) as shown in Fig. 4a.

The BTK theory was modified [58,59] by introducing the broad-
ening parameter I" which accounts for the finite quasiparticle life-
time t (I' = k/7), nonzero I" value would tend to broaden the PCS
and smear the double conductance peaks to one lower conduc-
tance hump, details could refer to Fig. 4b.

2.6.2. The analysis of the PCS for superconductors.

From the measurement of the PCS at different temperatures or
magnetic fields, one can obtain the temperature dependence or
magnetic field dependence of superconducting gap by using BTK
fitting. Fig. 5 shows that the normalized conductance curves at dif-
ferent T and H calculated using the BTK model of s-wave pairing
symmetry. When the PCS cannot be well explained by the simple
BTK theory of s-wave superconductivity, unconventional super-
conductivity order parameter can be considered, such as d-wave
[60] or p-wave superconductivity [61]. Fig. 6 shows the calculated
PCS of superconductivity with different pairing symmetry by
extension of BTK model. These calculations on PCS would be help-
ful for analyzing the measured PCS and the superconducting
mechanism.

2.6.3. The temperature dependence of ballistic superconducting point
contact resistance

The sharp drop in resistance-temperature (R-T) curves of the
point contact is usually taken as the signature of superconductiv-
ity. When the point contact is in thermal regime, the critical cur-
rent effect would contribute to a resistance drop in R-T curves, as
shown in Fig. 7b. The temperature guided by the black dashed line
is corresponding to the voltage where the current through the con-
tact area exceeds the superconducting critical current. Actually, the
resistance drop can also appear in the superconducting point con-
tact in ballistic regime with even sharper transition than that in
thermal condition. In a ballistic point contact, this transition point
is corresponding to the T. of the superconductor. Sometimes, the

(b) 5 op ‘ —)
2.0 =1/4=0.0
1.8} 7/T.=1/10 =-1l4 =0.1 |

=174 =0.2
c 1.6 =7r/4 =0.5 1
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_g 7=0.2 - 14=08

) 1.4
1.2
1.0

-4 -2 0 2 4
E/A

Fig. 4. Theoretical PCS for different values of the barrier parameter Z (a) and broadening parameter I" (b) at T/T. = 1/10.
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Fig. 5. Theoretical PCS for different temperatures (a) and magnetic fields (b).

(d1/dw),

0.0 -1 0 1

N
w

EIA(0)

Fig. 6. The normalized PCS calculated using the extension of BTK model for
different superconducting pairing symmetry: s-wave (blue, Z=0.1); d._j,.wave
(green, Z=0.1) and chiral p wave superconductor (red, Z = 4).

resistance drop in R-T curves cannot be observed when the
superconducting point contact is in ballistic regime. There are sev-
eral possible reasons for this situation, such as the thick barrier at
the contact interface or the high spin polarization of spin-polarized
metal.

For a ballistic superconducting point contact without barrier,
the contact resistance at the temperature below T, can decrease
to half normal resistance value at T> T, as a result of Andreev
reflection. Here, based on the temperature dependence of super-

(a) 8
4t I.=1 mA

_ 7=0
>
E of :
>~

_4 Rn(n=1 Q 4

R (T>T))=1Q
&5 -2 0 2 4

conducting gap in BCS theory [62], the R-T curves with different
barrier strength (Z) are calculated for a ballistic superconducting
point contact with BTK model [57] (see Fig. 8a). From Fig. 8a, one
can see that the resistance drop in R-T curves can only be observed
in the situation of small barrier. Instead, when a superconducting
point contact has large barrier at the interface, the R-T curve dis-
plays as a tunnel junction and resistance increases with tempera-
ture decreasing. Hence, if the R-T curve of a point contact shows
no resistance transition, this does not necessarily mean that there
is no superconductivity. In this case, the comprehensive analysis of
the R-T curve and the conductance curves (dI/dV vs. V) can help to
determine the existence of the superconductivity. In addition, the
finite broadening parameter can suppress the resistance drop but
in general cannot eliminate it as shown in Fig. 8b. The high spin
polarization may also smear out the resistance drop. The detailed
discussion can be found in Section 2.6.5.

2.6.4. The magnetic field dependence of a superconducting point
contact resistance

Another characteristic curve of the superconducting point con-
tact is the magnetic field dependence of the point contact resis-
tance, also called as magnetoresistance. In the case of a
superconducting point contact in ballistic regime, the magnetore-
sistance can tell us some important information: (i) the behavior
of anisotropic magnetoresistance reflect the anisotropy of the
superconducting order parameter. (ii) The transition points in
magnetoresistance curves correspond to the critical magnetic field,
as shown in Fig. 9. (iii) Finite barrier can induce negative magne-
toresistance (see Fig. 9a).
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Fig. 7. The theoretically calculated curves for Maxwell resistance of superconducting point contact. (a) the I-V characteristic curves of normal tip (green), superconducting
sample (blue) and the Maxwell resistance (red) in the case of appearance of the superconducting critical current. We set normal resistance of superconducting sample Ry is
1 Q, the resistance of normal tip R, is 1 Q too. (b) R-T curves calculated from the red curve using Eq. (6).
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The analysis of R-T curves also opens a new way to estimate the
mesoscopic regime of a superconducting point contact. The mag-
netic field-free R-T curve cannot solely give enough information
to distinguish the point contact in ballistic regime or not, because
superconducting point contact with small barrier either in thermal
regime or in ballistic regime will show a resistance drop in R-T
curve. However, it would be different when the magnetic field lar-
ger than critical field of the superconductor (H > H.) is applied. For
the ballistic superconducting point contact, the large external field
would keep the superconductor in normal state and totally sup-
press Andreev reflection. Because the Sharvin resistance is insensi-
tive to the field and temperature, one can expect the point contact
resistance under the large external field would keep constant in
the cooling process and show little difference between the resis-
tance with and without field at T > T.. For thermal superconducting
point contact under the external field above H,, the contact resis-
tance will show temperature dependence in the cooling process
and satisfies R(H) > R(0) at T > T, if the sample and tip show posi-
tive magnetoresistance at T > T.

2.6.5. Measurement the spin polarization of a metal by PCAR
technique.

The superconducting point contact can be used to determine
the spin polarization at the Fermi energy of a spin-polarized metal
|64,65], such as ferromagnetic tip on the s-wave superconductor or
superconducting tip on the ferromagnetic samples. Because the
occurrence of Andreev reflection at the interface between a spin
singlet superconductor and the metal under test is limited by the
minority spin population near the Fermi surface. The differential
conductance of the point contact can reveal the spin polarization
of the metal. The current through spin-polarized point contact

can be effectively considered as the sum of two parts: spin-
unpolarized current and the spin-polarized current. The former
one is generated in the process of Andreev reflection and obeys
the BTK model; the latter one is spin polarized current carrying
quasiparticles, which would suppress the total conductance for
V< Ale (see Fig. 10a). The spin-polarized level of the current
through the point contact is characterized by the parameter P,
which is approximately equal to the real spin polarization of the
band in the case of the absence of interfacial scattering and little
difference between the Fermi velocilties of two polairzed bands.
The spin polarization also exerts its influence on the R-T curve,
for example, high spin polarization would smear the resistance
drop in R-T curves, similar to the barrier parameter Z.

3. The tip-induced superconductivity
3.1. Introduction of the TISC

Since the first report of TISC on three dimensional topological
Dirac semimetals CdsAs, single crystal and poly-crystal [28,29],
the TISC is taken as a newly discovered experimental method to
induce superconductivity in topological materials for investigation
of the topological superconductivity. The most attractive point of
this method is that the superconductivity can be triggered in some
specific non-superconducting sample (like CdsAs, and TaAs) under
a normal metal tip; this is totally different with traditional super-
conducting point contact measurements [33,41-45], although the
theory of which can be helpful to analyze the results of TISC. Up
to now, several non-superconducting materials have been explored
to emerge superconducting phase under the normal metal tips
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Fig. 10. The calculated PCS (a) and the temperature dependence of PCAR resistance (b) for different values of spin polarization P.

[28-32,34,35]. In the meanwhile, TISC is also investigated as a new
physical phenomenon, which hosts two research focuses: the pair-
ing symmetry and the origin of induced superconducting phase.
With the progress of the TISC experiment, the former one is usually
related to the nature of sample; and the later one often refers to
three effects: local pressure effect, local doping effect and the inter-
face effect. We will elaborate these three effects in next three
sections.

3.1.1. Local pressure effect.

As one of the fundamental thermodynamic variables, pressure
can induce superconductivity in some materials [66,67]. In hard
point contact configuration, the local pressure applied by the tip
to the sample may induce a new superconducting phase in the con-
tact region due to the local enhancement of the electron-Boson
coupling. The typical one is local enhanced electron-phonon cou-
pling, which occurs in the case of increasing the local density of
state or softening the local phonon mode by tuning the electron
band structure of sample. This process, sometimes, is followed by
the structural phase transition under pressure [38,68]. One can
roughly regulate the local pressure under the tip by approaching
or withdrawing the tip to the sample [36]. The maximum of local
pressure can be determined by the hardness of the tip, meaning
that harder tip can exert larger local pressure to the sample with
less deformation. In hard point contact measurements, the com-
mon hard tips are W tip, PtIr tip, or Nb tip (Superconducting),
and the common soft tips are gold tip, Ag tip, Pt tip, Fe tip (Ferro-
magnetic), Co tip (Ferromagnetic), Ni tip (Ferromagnetic), etc.

Unlike the hydrostatic pressure, the local pressure in the hard
point contact is complicated but sometimes kind of similar to the
uniaxial pressure, namely it has definite direction along the tip
and normal to the surface of sample. To verify the influence of
the local pressure, the soft point contact is usually chosen as a con-
trol experiment, because it is pressure-free. If the induced super-
conductivity by hard tip is absent when using soft point contact,
the pressure effect may play a dominant role for TISC [28]. In the
typical works of TISC in the CdsAs, [28] and the CaFe,As, [35],
the local pressure effect exerted by the tip is usually considered
as the key factor of inducing superconductivity in non-
superconducting parent materials.

3.1.2. Local doping effect.

Since the first high temperature superconductor La,_,Ba,CuO4
is realized by doping holes in La,CuO,4 [69], doping has become a
very common method to induce or modulate superconductivity
in non-superconducting materials by intentionally introducing
impurities or vacancies [70]. In the hard point contact experiment,
when a normal metal tip contacts with a sample hosting very small
carrier concentrations, such as semimetal, semiconductor, or even

insulator, the metal tip would behave like an electron reservoir and
donate the electrons to the sample. This electron transfer process
can lead to the increase of local density of states of sample, which
is in favor of emergence of the superconductivity. For example, the
highest T, (~7.1 K) obtained in the TISC experiment in Cd3As; sin-
gle crystal [28] is obviously higher than that in pressure experi-
ment (~4K) [71]. Although the local pressure effect has been
proved to play a crucial role in TISC in CdsAs, single crystal [28],
the contribution of electron doping effect should also be deliber-
ated in analysis of this enhanced T, effect.

3.1.3. Interface effect

In general, the interface effect for the superconductivity refers
to two aspects: one is interface enhanced superconductivity and
the other one is interface induced superconductivity. The former
one can be observed in FeSe film on the substrate of SrTiO3 [72-
76]. And the latter one is normally called “interface superconduc-
tivity” [77,78], illustrating the condition of the superconductivity
triggered at or near the interface between two non-
superconducting materials. The interface superconductivity can
be identified as two-dimensional superconductivity when the
thickness of superconducting layer is smaller than the coherence
length of the superconductor. One typical interface superconduc-
tivity is observed at the interface between two band insulators,
LaAlOs and SrTiOs (LAO/ STO). In the LAO/ STO system, two-
dimensional electron gas is formed in a very thin layer (about
10 nm thickness) due to the confinement of the interface and
becomes superconducting around 200 mK [79,80]. The interface
superconductivity is also detected in LaTiOs/SrTiOs; super-lattice
[81] and at the metal/insulator interface, such as Laj 555rg45CuO4/
La,CuO,4 [82]. Up to now, the origin of TISC is still not fully under-
stood. For example, although superconductivity has not been
observed in TaAs under pressure [83], the TISC is discovered in
Weyl semimetal TaAs single crystal [30]. Considering the interface
superconductivity mentioned above, the contributions from the
interface effect may play a great role in TISC in TaAs.

3.2. The TISC in 3D topological Dirac semimetal Cd3As single crystal

3.2.1. Introduction of 3D topological Dirac semimetal CdsAs, single
crystal

Three-dimensional (3D) Dirac semimetals, which are usually
taken as a bulk analogue of graphene due to the possession of 3D
linear dispersion in the electronic structure, have lately attracted
increasing attention in physics and materials science [84,85]. In
3D Dirac semimetals, two Weyl points degenerate into one Dirac
point, which comes in pairs under the time reversal symmetry
and the inversion symmetry. Hence, in the case of either time
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reversal symmetry or inversion symmetry is broken, the 3D Dirac
semimetal can turn into a Weyl semimetal with the Weyl points
separated from the Dirac point [86,87]. In addition, 3D Dirac semi-
metal state has been predicated to locate in the topological phase
boundary [87]; it can potentially be driven into other topological
phases, such as topological superconducting states [87]. Thus, if
the superconductivity is realized in 3D Dirac semimetals, one can
expect that the superconducting state would host the topological
properties. The realization of TISC in CdsAs;, a typical 3D Dirac
semimetal, offers an opportunity to investigate the properties of
the topological superconducting state [28,29].

CdsAs,, crystalizing in a tetragonal structure with space group
of I4;cd with 32 formula units per unit cell [88], has been con-
firmed to be a kind of 3D topological Dirac semimetals by angle-
resolved photoemission spectroscopy (ARPES) [89] and STM [90]
experiment. The systematic research on the 3D Fermi surface of
CdsAs, single crystal is further explored by the measurement of
angle-dependent magneto-transport [91]. The sophisticated geom-
etry of Fermi surface of CdsAs, single crystal is illustrated by the
observed anomalous SdHOs behavior (Fig. 11). The ultrahigh
mobility, Zeeman splitting and quantum limit properties have also
been revealed by the transport measurement.

3.2.2. The discovery of TISC on topological Dirac semimetal

Up to now, abundant unusual physical properties of CdsAs; sin-
gle crystal have been revealed by employing variety of scientific
methods [85,88-92]. One of the most striking results is the discov-
ery of TISC in the CdsAs, single crystal [28] by using the hard point
contact spectroscopy. As shown in Fig. 12a, by standard four-
electrode measurement the bulk shows no superconducting signal
in R-T curves even the temperature is down to 1.8 K. Surprisingly,
the superconductivity is successfully induced when a tungsten tip
is pressed on the (1 1 2) surface plane of the CdsAs; single crystal.
Two experimental evidences shown in Fig. 12 can prove this con-
clusion: (i) there is a clear resistance drop at 3.9 K (see Fig. 12b),
which is further suppressed to 3.7K when a perpendicular

magnetic field of 625 Oe is applied. (ii) There is a significant con-
ductance enhancement at small bias range (0.9 meV) in the PCS
at low temperatures, which can be suppressed by applying mag-
netic field or increasing temperature, as depicted in Fig. 12c. The
reproducibility can be supported by the fact of that these induced
superconducting states are obtained with the T. from 3.9 to 7.1 K at
different point contact positions and on different samples.

3.2.3. The control experiment-soft point contact measurements

To explore the origin of the TISC is the first task after the obser-
vation of superconductivity. As mentioned above, three possible
mechanisms (Local pressure, local doping and interface effect)
should be considered for TISC. As a typical control experiment of
TISC, a soft point contact is performed by putting a small droplet
of silver paste on the (11 2) surface of the CdsAs,. Only the local
dopant and the interface confinement effects should be considered
carefully at the pressure-free interface of the silver grain and the
sample. Several soft point contact states (see Fig. 12e, f) are
detected and neither of them is superconducting. This suggests
that the pressure effect may act the crucial role in the process of
inducing superconductivity in CdsAs, single crystal by a metal
tip. This speculation is further supported by the report of uniaxial
pressure induced superconductivity in CdsAs, single crystal [71].
Kobayashi and Sato [93] have developed a theoretical model to
study the topological superconductivity in Dirac semimetal. They
claim that even the structural phase transition of CdsAs, occurs
under high pressure, the observed superconductivity may still be
topological non-trivial due to the increase of the condensation
energy protected by the combination of orbit-momentum locking
effect and symmetry-lowering effect.

3.2.4. The analysis of the PCS based on a possible theoretical model
All the PCS of TISC in CdsAs; single crystal contain two typical
features: a zero-bias conductance peak (ZBCP) and double conduc-
tance peaks (DCPs) with double conductance dips symmetric
around zero bias. Either of them exists independently of each
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other. To explain these exotic features in PCS, a theoretical model is
proposed based on electron band structure of CdsAs; single crystal
(see Fig. 13): on the one hand, the anisotropic quasi-2D helical p-
wave superconductivity (HPSC), which is formed by the intra-
valley pairing mode between two bulk states of sample may
account for the observed DCPs; on the other hand, the Majorana
zero mode, which exists in the boundary of quasi-1D chiral orthog-
onal class topological superconductor (region I) induced in the
helical surface Fermi arc states (FAS), may contribute to ZBCP. This
is consistent with the experimental data that the ZBCP becomes
sharper with decreasing temperature; although the p-wave pairing
symmetry is preferred by the TISC in Cd3As; single crystal, the exis-
tence of the normal s-wave superconductivity (NSC) formed by
inter-valley pairing is still tolerated in this theoretical model
(region II). Hence, the further identification of the topological
superconductivity still necessitates more detailed experimental
and theoretical studies, with the preparation of good samples
and well-oriented interfaces, and will attract considerable efforts
in this direction.

3.2.5. TISC in polycrystalline CdsAs,

The experiment of the TISC with relative soft normal metal (Ag,
Au, Pt) is also performed by Aggarwal et al. [29]. Unlike the condi-
tion in CdsAs, single crystal, the observed DCPs feature in polycrys-
talline has more broadening bias location (~16.5mV) and is
insensitive to the temperature and survive even up to 13 K. This
is similar to the behavior of the superconducting pseudo-gap of a
normal state. The difference between the results of single crystal
and poly-crystal may be related to the quality of samples.

3.3. TISC found in Weyl semimetal TaAs single crystal

3.3.1. Introduction of the Weyl semimetal TaAs single crystal

Weyl semimetal is a newly discovered topological phase of
matter that hosts low-energy quasiparticle excitations behaving
like massless Weyl fermions, a kind of relativistic particles with

definite chirality [86,94-104]. A Weyl semimetal has pairs of Weyl
points with linear dispersion relations in all three momentum
space directions. Two Weyl points with opposite chirality are con-
nected only by the topological nontrivial surface Fermi arcs. Fermi
arcs are non-closed surface states and serves as a path for Weyl fer-
mions pumped between two Weyl points of opposite chirality
when the magnetic and electric fields are parallel applied. This
phenomenon is the so-called chiral anomaly, which exhibits nega-
tive longitudinal magnetoresistance in the transport measure-
ments due to the Berry curvature effect [86,94-104].

As the firstly experimental confirmed Weyl semimetal, TaAs
crystal possesses the inversion symmetry breaking Weyl semime-
tal state with 12 pairs of Weyl points in the momentum space,
which are topologically protected against small perturbations
[86,94-104]. The TISC in TaAs for the first time was reported by
Wang et al. in arXiv on July 2, 2016 [30] using a Ptlr tip. Compared
with the Dirac semimetal, Weyl semimetal hosts pairs of Weyl
points with definite chirality and intrinsically topological Fermi
surfaces [86,94-104]. This essential difference may make the Weyl
semimetal be a better platform to induce topological supercon-
ducting states and realize Majorana fermions, which have potential
applications to fault-tolerant topological quantum computation.

3.3.2. The TISC in Weyl semimetal TaAs

On the one hand, the nature of sample [30] is characterized in
four aspects: (i) the quality of the samples. The high-quality nature
of TaAs single crystals, which are grown by chemical vapor
transport method, is characterized by atomically high-resolution
transmission electron microscopy. (ii) The sample is non-
superconducting itself. The metallic-like behavior is demonstrated
by the temperature dependence of bulk resistivity down to 2 K
measured by standard four electrodes configuration. (iii) The
observation of negative magnetoresistance induced by chiral
anomaly. This confirms that the sample hosts the crucial transport
signature for Weyl fermions in Weyl semimetal states. (iv) Topo-
logical nontrivial property. The m Berry’s phase of TaAs crystal
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quasi-2D HPSC. The blue dashed curves are the same as in (b). This figure is adapted from Ref. [28], Copyright @ 2016 Nature publishing group.

associated with Weyl fermions is further supported by analysis of
SdHOs. From the above information, the TaAs crystal used for TISC
can be identified as high-quality Weyl semimetal. On the other
hand, the TISC is detected in the hard point contact experiment,
in which the Ptlr tip is pressed on the (00 1) surface of the TaAs
single crystal. Significant resistance drop in temperature depen-
dence of the point contact resistance and the clear conductance
enhancement in PCS are observed in some point contact
states, which can be suppressed by applying magnetic field or
increasing temperature, according with the typical behaviors of
superconductivity.

3.3.3. To determine the mesoscopic regime of the point contact

The mesoscopic regime of the point contact can be determined
according to the experimental data. As the discussion in Section 2.4,
when the sample is in normal state, the temperature or magnetic

dependence of the point contact resistance can help estimate the
contribution of the Maxwell resistance to total point contact resis-
tance. Since the Sharvin resistance is independent on the temper-
ature or magnetic field, the variation of point contact resistance
in normal state totally comes from the Maxwell resistance. In the
low temperature and small magnetic field condition (T< 10K,
H<3T for TISC states shown in Fig. 14), the obvious variation
can be only observed in the magnetic dependence of the resistivity
of TaAs; and its temperature dependence tends to saturate in tem-
perature dependence. Thus, the point contact magnetoresistance
curve in normal state can help analyze the contribution of the
Maxwell resistance to the total point contact resistance, and the
analysis method mentioned in Section 2.4 is adapted. Based on
the assumption that the magnetoresistance of TaAs in the contact
area changes little under the applied pressure from the tip, the cal-
culated ratio between the Maxwell resistance and the Sharvin
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(a). This figure is adapted from Ref. [30], Copyright @ 2017 Science China Press.

resistance is about 0.066%, suggesting this point contact is very
close to the ballistic limit. Detailed calculation can be referred to
the supplementary file of Ref. [30].

3.3.4. The PCS under the external magnetic field

The PCS shows very obvious anisotropic field dependence. On
the one hand, as shown in the Fig. 14b, the conductance plateau
with double peaks is gradually suppressed to multiple step-like
features with increasing the magnetic field normal to the sample
surface at 0.5 K, consistent with the results of R-T curves shown
in Fig. 14a. On the other hand, when field is applied parallel to
the (00 1) surface of sample, there is much less influence on the
PCS compared to that under the perpendicular field with same
value, indicating critical field in parallel is much larger than the
perpendicular one. The anisotropy of the TISC states gives two con-
clusions: (i) extraordinary large parallel critical field at zero tem-
perature. From the temperature dependence of the point contact
resistance shown in Fig. 14a, the perpendicular critical field at zero
temperature can be estimated as about 8.53 T by the formula
Heo(T) = Ho(0)[1-(T/T)?] with T.=5.9K and Ho(4.75K)=3T;
Hence, one can expect the parallel critical magnetic field at zero
temperature is much larger than 8.53 T, and should exceed the
Pauli limit for weak-coupling BCS superconductor (H, =11 T), esti-
mated by the formula Hp, = 1.86 T.. (ii) The highly anisotropic mag-
netic field dependence (as shown in Fig. 14e) reflects the
anisotropy of superconductivity, indicating the possibility of
unconventional superconductivity. This would be helpful to ana-
lyze the origin of the TISC. Combining these two conclusions, the
spin-orbit coupling or scattering do affect the superconductivity
and produce the component of p-wave pairing, which is reminis-
cent of Zeeman protected superconductivity in 2D system with
the in-plane magnetic critical field much larger than Pauli limits
[105,106].

3.3.5. Analysis of the PCS

All the observed PCS show two typical features: the zero bias
conductance peak (ZBCP) as well as a conductance plateau with
double conductance peaks and sharp double dips symmetric to

the zero bias voltage (see Fig. 14c and d). Either of them may orig-
inate from several mechanisms, however, the most likely mecha-
nism can also be distinguished based on the combination of
experimental data and the nature of the TaAs. Detailed analysis
would be discussed in the following paragraphs.

ZBCP in PCS can be attributed to several mechanisms, which are
introduced in details by Sasaki et al. [21]. Here we will focus on the
analysis of the potential mechanism of the ZBCP obtained in point
contact on TaAs: first, the Kondo effect can be excluded by the
absence of split of ZBCP under the external magnetic field; second,
the ZBCP would broaden or split into double peaks with tempera-
ture decreasing, if it arises from a new superconducting state.
Whereas both of them are absent in PCS at different temperatures,
the possibility of this scenario can also be eliminated. From the
Fig. 14f, it is easy to see that the ZBCP becomes sharper with
decreasing temperature, consistent with the signature of Majorana
Fermions in the boundary state of the topological superconductor.

In the PCS, the feature of the double conductance peaks with
double conductance dips can be observed in several conditions.
One of the most common conditions is a point contact in the inter-
mediate regime, where double conductance peaks are caused by
Andreev reflection with finite barrier and double conductance dips
are induced by the decrease of critical current due to the local heat-
ing in the point contact region [107]. As discussed in Section 3.3.3,
since the ratio R,/Rsp, is only about 0.066%, which is much smaller
than 1, the contribution from Maxwell resistance for the total point
contact resistance (=R, + Rs) is so little that the critical current
cannot work in this condition.

Another possible condition is that an unconventional supercon-
ductor with d-wave or p-wave pairing symmetry appears under
the point contact. Similar to the experimental results in Cd3As; sin-
gle crystal [28], the PCS of TaAs single crystal also shows simulta-
neous appearance of the ZBCP, double conductance peaks, and
double conductance dips. Although any of these three features in
PCS has its possible trivial origin, all three features have not been
simultaneously observed in conventional superconductors so far.
The scenario which can contains these three typical features in
the same PCS is most likely p-wave superconductivity. Considering



H. Wang et al./Science Bulletin 63 (2018) 1141-1158 1153

the nature of the TaAs, a minimal model of a novel mirror-
symmetry protected topological superconductor induced in TaAs
is proposed. In this model, the topological non-trivial superconduc-
tivity supports p-wave pairing.

3.3.6. The minimal model on TaAs

During the process of establishing a theoretical model to seek
for the potential nontrivial topological superconducting state,
two properties of TaAs must be taken into consideration: (1) 12
pairs Weyl points of TaAs (see Fig. 15b) are related by mirror and
C4 symmetries. When TISC is realized on the (00 1) surface, the
mirror symmetries along x (M) and y (M,) axis can be preserved.
Considering the particle-hole redundancy, M, is selected to be is,-
T, which is different with M, =is,. (2) TaAs is a time-reversal
invariant Weyl semimetal, thus the superconducting pairing must
occur between two Weyl cones as time reversal partners for each
other. Hence, TaAs can become a 3D fully gapped mirror topologi-
cal superconductor with odd parity superconducting order by
respecting both time-reversal and mirror symmetries. The bound-
ary of superconductor contains Majorana surface Dirac cones,
whose numbers can be described by the mirror invariant. The finite
bias double conductance peaks and double conductance dips can
be seen in the calculated tunneling spectra due to the Majorana
surface states (as shown Fig. 15a), and the ZBCP can be further
obtained when coupling strength between the surface modes and
the tip is weak, such as § = 0.01.

3.3.7. The origin of the TISC in TaAs

To analyze the origin of TISC in TaAs, the chance of pressure-
induced superconductivity is small on account of no evidence of
superconductivity observed in the pressure experiment on TaAs
[83]. However, this does not mean the contribution from the local
pressure to the TISC can be totally neglected. The highly anisotro-
pic magnetic dependence of the TISC state is a clue pointing to the
interface superconductivity, which is often observed in 2D or quasi
2D superconducting system, such as LAO/ STO [108]. Nevertheless,
more experimental evidences are necessary to support this sce-
nario in TISC experiment in TaAs. With these uncertainties, it is dif-
ficult to give a definite origin of TISC in TaAs based on the current
experimental data. Hence, it is still calling for more experimental
efforts to seek for the answers to this question.

3.3.8. TISC on TaAs using soft tips

Soon after the discovery of TISC on TaAs by Wang et al. [30],
superconductivity was also reported by Aggarwal et al. [31] using
soft sliver tip. Instead of the topological superconductivity, the sur-
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face spin polarization is introduced to interpret the suppression of
the conduction enhancement at the bias smaller than supercon-
ducting gap. The difference between the interpretations of these
two works has not been clearly understood until now. However,
the debate on the mechanism of TISC calls for more elaborate
experiments and theories to further investigate on this issue.

4. Tip enhanced superconductivity in candidate of topological
superconductors

4.1. Introduction of tip enhanced superconductivity

In a point contact, the properties of sample can be locally mod-
ified in the contact area by the metal tip. This local modification
may exhibit various novel phenomena: (i) the tip-induced new
phase. In this condition, some new properties, which are absent
in both tip and sample, are obtained around the point contact
region, such as TISC [28-32,34,35], spin-valve effect [40], or struc-
tural phase transition [38]. (ii) Tip enhanced/suppressed supercon-
ducting properties. For example, the superconducting critical
magnetic field (H. or Hc,) of some superconductors in point contact
measurement shows larger or smaller value than that of bulk
superconductor due to the local modification exerted by the tip.
In some cases, the H. or H¢, of superconductor (such as Zn) under
the tip is suppressed due to the demagnetization effect arising
from the geometry of the point contact [39]. In some other cases,
the H. or He in the dirty-limit superconductors is enhanced
because of a short mean free path resulted from the local disorder
or defects in the contact area introduced by the tip [39].

As well as the superconducting critical field, the superconduct-
ing transition temperature (T.) under the tip can also be locally
modified, which can be observed in point contact experiment on
pressure sensitive superconductors. The pressure from the tip
can change the band structure of the sample, ultimately leading
to modification of the electron-phonon coupling strength. When
the electron-phonon coupling is weakened due to the decrease of
the density of state or the shift of the phonon spectrum to higher
frequencies [67], the T. would shift to lower value with the higher
pressure applied, this can be called as pressure-suppressed super-
conductivity, which is common in conventional superconductors
[109]. Besides, sometimes the suppressed T, is observed in point
contact measurements due to the surface degradation of the stud-
ied superconductor [45]. On the other hand, the pressure-
enhanced superconductivity can be realized by hard point contact
measurement in the case of enhancement of the electron-phonon
coupling by pressure. In fact, any effect that can increase the

(b) k:

A (’
e Cy
o ol
D~ C| -~
©
S ky
A% ks
kx . ‘e 4

Fig. 15. Theoretical interpretation of the experimental observation. (a) The tunneling spectra at temperature much lower than T.. (b) The sketch of the Weyl points in TaAs.

This figure is adapted from Ref. [30], Copyright @ 2017 Science China Press.
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density of states and electron-phonon coupling would enhance T,
such as doping effect and interface effect, which also exist in hard
point contact configuration.

In this section, we focus on the phenomena of the T. enhance-
ment under the tip, called as tip-enhanced-superconductivity
(TESC), in the candidates of helical topological supercondcutor-
Au,Pb [23] and chiral topological superconductor-SroRu0,4 [24].
The main results are introduced in the following text.

4.2. The TESC in AuyPb single crystal with tungsten tip.

The investigation of the superconductivity of Au,Pb has been
reported as a kind of new superconducting compound in 1965
[110]. Recently, it attracts tremendous interest because of the
predication of topologically nontrivial Z, invariant [111] and the
interesting transport results [23,111-113]. The cubic Laves phase
Au,Pb exhibits the signature for the symmetry-protected Dirac
semimetal state at temperature T> 100 K; Then it undergoes the
structure phase transition upon cooling down to lower tempera-
ture T < 100 K, meanwhile, opens a gap at Dirac cone, and finally
becomes superconducting below 1.2 K. Combination of the super-
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conductivity and the potential existence of topological surface
states makes Au,Pb a good candidate of helical topological super-
conductors. The finite triplet contribution to the pairing state in
Au,Pb is further confirmed by the electrical transport measure-
ment, where the temperature dependence of the reduced critical
field is close to that of polar p-wave state [23].

In the point contact measurement, different tips are used to cre-
ate point contacts on the (1 1 1) surface of the Au,Pb single crystal.
One relative soft tip is mechanical sharpened from 0.5 mm diame-
ter gold wire. The T (1.13 K, shown in Fig. 16a and c) and H,
(H(0.5 K) ~0.02 T, shown in Fig. 16e) revealed by the point con-
tact measurement with a gold tip are consistent with that obtained
in the bulk transport and magnetization measurements (T, -
~ 1.15K, He; (0.18 K) ~0.05 T, see Fig. 17a and b), which demon-
strates our hard point contact measurement setup is reliable for
studying superconductors. The other relative hard tip is prepared
by electrochemical etching method with a tungsten wire of
0.25 mm diameter. Surprisingly, both the T. and H, are remark-
ably enhanced to the value of 2.1 K and 0. 6 T measured at 0.5 K,
respectively (see Fig. 16b, d and f). The latter one is 10 times larger
than the bulk value. The superconducting gap is also enhanced and
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Fig. 16. Point contact results with the gold tip and the W tip. (a, b) The zero-bias point contact resistance as a function of temperature for the gold tip and the W tip,
respectively; (c, d) the PCS at different T; (e and f) the PCS under different H, at 0.5 K; curves shifted in (c-f) for clarity. This figure is adapted from Ref. [23], Copyright @ 2017

Nature publishing group.
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[23], Copyright @ 2017 Nature publishing group.

shows double conductance peaks in the PCS at low temperature,
which is absent in PCS under gold tip, implying the emergence of
the new superconducting gap in Au,Pb under the tungsten tip.

For exploring the origin of the TESC, the hardness of the tip
material should be taken into consideration in particular. Com-
pared to the gold tip, the tungsten tip can apply larger local pres-
sure to the sample in the contact region with smaller
deformation. Hence, it is natural to expect that the local pressure
applied by hard tungsten tip seems to contribute to the TESC dom-
inantly. This speculation is further confirmed by the first-principles
calculations: comparing with the computed Fermi surfaces of Au,-
Pb of relaxed lattice structure, the Fermi surfaces under 1% external
uniaxial compression are found to be enlarged and the related den-
sity of states near the Fermi energy increases, which is consistent
with the observed increase of T, in the W/Au,Pb point contact mea-
surements. Besides the enhanced superconductivity by local pres-
sure under the hard tip, the extremely enhanced H, in point
contact may also be induced by structural defects and/or impuri-
ties at interface [39], resulting in the reduction of the mean free
path [ in the superconductor, which further leads to a decrease of
the coherence length. Although the local pressure under the hard
tip should contribute to the enhanced superconductivity in Au,Pb,
other effects arising from the hard point contact cannot be fully
excluded, such as interface effect.

4.3. TESC in candidate of the chiral topological superconductor
SryRu0, single crystal

Since the discovery of the layered perovskite ruthenate Sr,RuO4
(SRO) by Maeno et al. at 1994 [114], many experimental measure-
ments [115,116] have been performed on this material to investi-
gate the possible chiral p-wave superconductivity predicted by
Rice and Sigrist [117]. Until now, the expected local net magnetic
field generated by the edge currents, as one smoking gun of chiral
p-wave superconductivity, has not been directly observed with
local field imaging [118]. However, the indirect evidence has
already been revealed by point contact experiments [36,119], in
which the magnetoresistance shows significant hysteresis which
is often observed in ferromagnetic samples. This ferromagnetism-
like behavior can be attributed to the time-reversal symmetry
breaking field contributed by the edge current of the chiral domain.
In addition, the in-plane tunneling junction of SRO also provides
the evidence of surface Andreev bound state [120,121]. With this,
the SRO is also proposed to host topological nature as a chiral
quasi-2D superconductor by Sato and Ando [24].

Another promising result from the point contact experiment of
SRO is the obvious T, enhancement [36], namely TESC. The point
contact is established on the a-b plain of SRO with a tungsten
tip, and three point contact states are obtained by pressing the
tip to the sample surface gradually, and show same energy scale
of the zero bias conductance peaks with the value of 0.2 mV, a
superconducting gap value as expected from the BCS weak-
coupling theory. The most important thing to note is that super-
conducting features in the PCS can sustain even at the temperature
higher than T, of bulk SRO (1.5 K). In particular, the highest T. of
6.5 K is observed in the point contact of 3.2 Q (Fig. 18). Pressure
experiments of SRO supply a wealth of information to investigate
the origin of the TESC in SRO. The SRO is pressure sensitive mate-
rials: the T. of SRO decreases in the hydrostatic pressure circum-
stance [122], while it is enhanced by applying an in-plane tensile
along the (1 00) direction or a uniaxial pressure along the c axis
[123-125]. The latter case proves that the pressure under the con-
tact has contributions to the TESC in SRO. However, the T, of TESC
(~6.5K) in SRO is almost twice of that obtained in uniaxial pres-
sure experiment (~3.2 K), which indicates that some other effects
may also play a role on the enhanced superconductivity for hard
point contact measurement on SRO, like interface effect, etc.
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Fig. 18. The normalized PCS at different T for the point contact of Ry =3.2 Q, the
superconducting features totally vanish at 6.5 K. This figure is adapted from Ref.
[36], Copyright @ 2015 American Physical Society.
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5. Outlook and conclusions
5.1. The route to the development of TISC

Since the discovery of TISC in topological materials, the TISC is
rapidly evolving from an experimental phenomenon to a new
method to modulate physical properties. A typical application for
this method is the search for topological superconductivity. As a
powerful way to change a non-superconductor to superconductor,
the TISC is just in its initial stage. In fact, a general theoretical
model is still highly desired to describe the TISC although some
theories on superconducting point contact can be referred, such
as BTK model. Today, TISC faces challenges. How to improve its
success rate? What is the definite origin of TISC in specific materi-
als, such as TaAs? How to determine the pairing symmetry? What
is the interface superconductivity in a mesoscopic contact region?
etc. These challenges also offer the opportunities to further develop
and expand the related experimental techniques: (i) Integrating
with the tip enhanced Raman spectroscopy (TERS) in two-probe
system. TERS is the combination of surface-enhanced Raman spec-
troscopy and scanning probe microscopy, which is carried out by a
metal tip [126]. In this proposed system, one metal tip is used to
induce the superconductivity in samples and the other tip for TERS
is used to detect the variations of phonon modes near the contact.
This can help analyze the distortion of the lattice structure of sam-
ple under the tip. (ii) Combining with STM in a two-probe system.
The STM can map the spatial variation of superconducting order
parameter, which would be helpful to determine the pairing sym-
metry and to confine the range of TISC in the sample. The STM tip
itself can also carry out atomic point contact measurements [127-
129]. (iii) Employing the ferromagnetic tips. It is well known that
the ferromagnetism is always competitive with spin-singlet super-
conductivity, but compatible with the spin-triplet superconductiv-
ity, such as p-wave superconductivity [12,130]. Therefore, if
superconductivity can be induced by a ferromagnetic tip, it prefers
the p-wave pairing symmetry. (iv) Multi-probes for hard point
contact measurements. The multiple TISC states can be induced
simultaneously and mesoscopic superconductor-normal metal-
superconductor junctions can be formed and measured. (v) Com-
bining with pressure experiment. Uniaxial pressure experiment
can be taken as a comparing experiment for TISC. It is helpful to
determine and even quantize the contribution from the pressure.
(vi) Combining with AFM mapping for modulating mesoscopic
devices. By using AFM function, the target device can be located
and then the AFM tip can be used as a hard point contact to mod-
ulate the physical properties of the device. Comparing to popular
used gating method, the hard point contact offers another modula-
tion way for microscale or nanoscale electronic devices.

5.2. Conclusions

In this review, we briefly introduce the background, history and
present situations of TISC and TESC in topological materials. The
former one is mainly realized in topological semimetals, such as
Dirac semimetal CdsAs; single crystal and Weyl semimetal TaAs
single crystal. Both of them show double conductance peaks with
double conductance dips and ZBCP, which is regarded as the typi-
cal feature of p-wave superconductivity and the Majorana zero
mode. These spectroscopic evidences of topological superconduc-
tivity not only live up to the expectations of potential application
in fault-tolerated topological computations but also provide a dee-
per insight into the understanding of superconductivity. The TESC
opens a new route to locally modulate superconducting properties.
The enhanced superconducting state under the tip can be investi-
gated by detecting the superconducting parameters, such as the

magnitude of the superconducting gap, the T, value, the H., value,
the cooper pairing symmetry, and the energy of electron-
quasiparticle couplings. It has been proved that hard point contact
can be taken as a complementary experimental method to explore
unconventional superconductivity especially for topological super-
conductivity with STM, pressure and gating techniques. Please
notice that the hard point contact modulation is not only applica-
ble for the research on superconductivity but also expected to tune
other physical phases or phase transitions in both bulk and nano
systems, like ferromagnetic or anti-ferromagnetic properties.
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