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The metallic tip-induced superconductivity in normal Weyl semimetal offers a promising platform to
study topological superconductivity, which is currently a research focus in condensed matter physics.
Here we experimentally uncover that unconventional superconductivity can be induced by hard point
contact (PC) method of ferromagnetic tips in TaAs single crystals. The magneto-transport measurements
of the ferromagnetic tip-induced superconducting (FTISC) states exhibit the quantum oscillations, which
reveal that the superconductivity is induced in the topologically nontrivial Fermi surface of the Weyl
semimetal, and show compatibility of ferromagnetism and induced superconductivity. We further mea-
sure the point contact spectra (PCS) of tunneling transport for FTISC states which are potentially of non-
trivial topology. Considering that the magnetic Weyl semimetal with novel superconductivity is hard to
realize in experiment, our results show a new route to investigate the unconventional superconductivity
by combining the topological semimetal with ferromagnetism through hard PC method.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Topological superconductor has attracted considerable atten-
tion in the fields of condensed matters physics and materials
science [1–7], since it hosts Majorana bound states which have
potential applications to the fault-tolerant quantum computation
[8–10]. Recent discoveries of tip-induced unconventional super-
conductivity in non-superconducting topological semimetals, like
single crystalline Dirac semimetal Cd3As2 [11] andWeyl semimetal
TaAs single crystal [12], have made hard point contact (PC) method
become a new approach to modulate and further detect the poten-
tial topological superconductivity [11–15]. In particular, the Weyl
semimetal possesses pairs of Weyl points with definite chiralities
and intrinsically topological Fermi surfaces [16–22], so the induced
superconducting states in Weyl semimetals may inherit the topo-
logical nature from the parent compounds. However, when the
time-reversal (TR) symmetry is not broken, the s-wave pairing
may be favored and formed by TR partners, leading to the induced
superconductivity with trivial topology in TaAs [23]. In comparison
with the TR invariant Weyl semimetals, the Weyl semimetals with
broken TR symmetry, e.g., due to magnetization, are highly promis-
ing materials in which the superconducting phases are widely pre-
dicted to be nontrivial [24–28]. Actually, unlike the conventional s-
wave superconductivity, which is in general suppressed by the fer-
romagnetism [29], p-wave superconductivity can tolerate the fer-
romagnetic order [30,31]. In consequence, it is of great
importance if the superconductivity can be induced in topological
Weyl semimetal coexisting with ferromagnetism. Nevertheless, it
is very challenging to experimentally realize intrinsic supercon-
ductivity in magnetic Weyl semimetal. So far there was no exper-
imental report of superconducting phase coexisting with
magnetism in semimetals.
2. Experimental

In this work, we report the induced superconductivity in the
Weyl semimetal TaAs by using ferromagnetic tips (including nickel
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tip and cobalt tip) as a hard PC method. Point contacts were cre-
ated by pressing a mechanically sharpened Ni (or Co) tip onto
the (0 0 1) surface of TaAs single crystal, which was mounted on
an Attocube nanopositioner stack. By inserting the stacks into a
dry dilution refrigerator from Leiden with three-axis supercon-
ducting vector magnets, the temperature of sample can be as low
as 0.3 K, and the applied maximum field in X/Y/Z direction can
be up to 1/1/3 T, respectively. Unlike the intrinsic magnetic Weyl
semimetal, in our situation the ferromagnetic tips introduce the
magnetism into the Weyl semimetal and break the TR symmetry.
For the first time, the coexistence of unconventional superconduc-
tivity, ferromagnetism and topological non-trivial quantum oscilla-
tions in topological semimetals are systematically studied. Here,
the ferromagnetic tip can also be taken as a selector of supercon-
ducting paring symmetry and offers strong evidence for topologi-
cal non-trivial properties.
3. Results

A hard PC experiment is designed to induce superconductivity
on (0 0 1) surface of Weyl semimetal TaAs single crystals in cryo-
genic PC system (related PC configuration can be referred to the
inset of Fig. 1a). The major observations are below. (i) The quantum
oscillations are observed in the ferromagnetic tip-induced super-
conducting (FTISC) states, and reveal that topologically nontrivial
property remains under the tip. (ii) The compatibility of supercon-
ductivity and ferromagnetism suggests that the induced supercon-
ductivity can be potentially of p-wave type. In particular, the
Fig. 1. The Ni/TaAs PC measurements of FTISC state of 5X. (a) The temperature dependen
the schematics of the hard PC configuration in TaAs. (b) The corresponding normalized P
normalized PCS at different out-of-plane magnetic fields with the sample temperature o
figure are shifted for clarity.
nearly 40 FTISC states have been detected and 11 of them have
the PCS of double conductance peaks with double conductance
dips, which are considered as typical spectral feature of a p-wave
superconductor.

For one typical FTISC state with the PCS of double conductance
peaks with double conductance dips obtained in Ni/TaAs PC exper-
iment, the PC resistance as a function of temperature is shown in
Fig. 1a. At 4.3 K the zero-field resistance drop in the blue curve is
usually taken as a signature of superconducting transition. This
transition point corresponds to the value of Tc, which vanishes
when the perpendicular magnetic field (H\) of 3 T is applied.
Fig. 1b and c show the normalized PCS with conductance enhance-
ment at low bias voltage correspondingly. This conductance
enhancement can be further suppressed by increasing temperature
or applying magnetic field, which again indicates the existence of
superconductivity. Therefore, all the experimental data support
that the FTISC state has been realized at or near the interface of
the PC due to the lack of superconductivity in either Ni or TaAs sin-
gle crystal.

The PCS shown in Fig. 1b and c can be caused by several possible
mechanisms in our configuration. As the typical superconducting
features in the PCS due to Andreev reflection at the interface of
S/N junction [32], the double conductance peaks are usually
observed at the temperature far below the Tc. For the p-wave
superconductor, the double conductance peaks in PCS can be
observed in either the PC experiment [33] or the planar junction
[34]. One tunneling feature of latter work is two conductance dips
at finite bias voltage, which is close to the superconducting gap
value. In our PC configuration, the potential barrier at the contact
ce of PC resistance at magnetic field of 0 T (blue), and 3 T (green), respectively. Inset:
CS at different temperatures without applying magnetic field. (c) The corresponding
f 0.3 K. (d) Two PCS of FTISC states with different PC resistance. The curves in this
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interface may arise from the degradation or contamination of the
sample surface, as well as the mismatch of Fermi velocities
between the TaAs and Ni tips. In special, even the contact interface
is ideally clean, the mismatch of Fermi velocities of Ni/TaAs PC can
still make the effective barrier parameter Zeff larger than 1.4
(detailed calculation can be referred to the Supplementary Note
1). Thus, the tunneling scenario is suitable for our situation. On
the other hand, the critical current effect [35] or the occurrence
of multi-gaps [36] can also contribute double conductance dips
in the PCS. In double-gap scenario, the conductance dip usually
locates between two conductance peaks, which correspond to the
energy values of two superconducting gaps. When increasing tem-
perature or applying external magnetic field, this dip would disap-
pear at T< Tc or H< Hc2 [36]. But there is no extra peak feature out of
the energy of the dip in Fig. 1b and c, and the conductance dips
exist until the superconductivity is totally suppressed by increas-
ing temperature or magnetic field. Thus, the condition of multi-
gaps seems unlikely. Moreover, as shown in Fig. 1d, two FTISC
states have similar Tc (4.2 K for 16 X state and 4.3 K for 5 X state).
Although their PC resistance values are totally different, the con-
ductance peaks and dips in their PCS locate at the same excitation
energy values. This is inconsistent with the scenario of critical cur-
rent effect, which shows normal state resistance dependence of the
bias voltage of the conductance dip [35]. Considering the supercon-
ducting states either in present work or in the previous work [12]
have double conductance peak and double conductance dips as the
main feature of the PCS, it is natural to expect the feature of double
conductance peaks with double conductance dips is intrinsic for
FTISC state.

We have detected 11 FTISC states with similar PCS as shown in
Fig. 1. Typical values of zero bias normal states resistance for stable
contacts range from 2.3 to 27.8X, and corresponding Tc from 4.2 to
6 K. Compared with the results of previous work with PtIr tip [12],
it is important to be noted here: the highest Tc of FTISC states (6 K)
is close to that of the previous one (~5.9 K) [12]. This indicates that
the induced superconductivity is not suppressed by the ferromag-
netic tips and thus is very likely to be spin triplet type, which could
sustain in the case of TR symmetry broken.

The topological property of the FTISC states is proved by the
measured so-called Shubnikov de Haas Oscillations (SdHOs) of
the sample [37,38]. For the 5 X FTISC state, when the perpendicu-
lar magnetic field is up to 3 T, the typical feature of SdHOs is suc-
cessfully observed in measured magnetoresistance (MR) curves at
both 0.3 and 5.0 K (see Fig. S1 online). The SdHOs shown in Fig. 2a
is obtained by subtracting a polynomial background from the orig-
inal data at 0.3 K and shows the major frequency F = 9.02 T through
Fig. 2. The magneto-transport of FTISC state of 5 X. (a) The linear fitting of the Landa
background from raw data at 0.3 K. Lower inset: Fourier transformation of the oscillation
field regime.
Fourier transformation (to see the insets in Fig. 2a). Based on the
Onsager formula F = (U0/2p2)SF [39], whereU0 is the flux quantum
with the value of 2.067833636 � 10�15 Wb, we estimate the cross-
sectional area of the Fermi surface SF = 8.61 � 10�4 Å�2, only taking
about 2.573 � 10�2% of total area of the first Brillouin zone in the
kx-ky plane. It is consistent with the semi-metallic nature of TaAs,
which intrinsically only possesses small Fermi pockets around
Weyl points [16–22]. The Landau fan diagram is constructed by
choosing the MR peak positions as the integer index and the dip
positions as the half integer index [22]. The measured correlation
between the Landau index and 1/B with linear extrapolation inter-
cepting around zero is plotted in Fig. 2a, which is also a strong evi-
dence of nontrivial p Berry phase associated Weyl fermions [38].
All these above experimental results clearly suggest that the typi-
cal topological nature of Weyl semimetal from TaAs single crystal
is not changed for the FTISC states. On the other hand, the MRmea-
surements also offer an opportunity to calculate the Fermi energy
and the cyclotron mass of electrons in the FTISC states. Considering
the influence of spin polarization on the p-wave type PCS, the
superconducting gap shown in Fig. 1 can be estimated as
2.5 meV. Combining this gap value and the results of SdHOs, the
Fermi energy of the corresponding FTISC state can be further esti-
mated as 18 meV (details to see Supplementary Note 2), implying
the Fermi level is much close to the Weyl point. In addition, the
corresponding cyclotron mass of electrons is about 0.116 m0,
where the m0 is the static mass of electron with the value of
9.1 � 10�31 kg. The estimated value of cyclotron mass of electron
is consistent with previous result in TaAs [40], indicating the p-
wave superconductivity scenario is valid to the detected FTISC
states.

To further explore the influence of the ferromagnetic Ni tip on
the induced superconducting states, we systematically measure
the MR curves of the PC state (see Fig. 2b). In a small sweeping
range of magnetic field, the hysteresis is observed; and the mea-
sured hysteresis of such system actually keeps almost same fea-
tured structure at both T > Tc and T < Tc (Tc is 4.3 K). When
superconductivity is triggered in Ni/TaAs PC, especially the materi-
als formed the PC are non-superconducting, the contribution of the
spin-polarized electrons from the ferromagnetic tip to the super-
conducting states must be taken into consideration. Previous
experimental and theoretical studies on the coexistence of super-
conductivity and ferromagnetism suggest that Cooper pairs can
be formed by the spin-polarized electrons, which supports the
spin-triplet state, especially p-wave superconductivity [31,41].

We also investigate the other 29 FTISC states, in which the
mainly curve feature for their PCS is zero bias conductance hump
u fan diagram with intercepts of –0.107. Upper inset: SdHOs after subtracting the
s showing a peak at 9.02 T. (b) The hysteretic MR of FTISC state in low perpendicular
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(ZBCH). The results of one representative FTISC state of 3.57 X are
shown in Fig. 3. According to the R-T curves (inset of Fig. 3a), the Tc
is around 1 K, which is totally suppressed under the perpendicular
magnetic field of 3 T. The corresponding PCS at different T and H\

values at 0.3 K are presented in Fig. 3a and b, respectively. It can be
seen that the spectral feature of ZBCH is further suppressed by
either increasing T or applying H\. This is reminiscent of the char-
acteristic spectrum for superconducting PC states in thermal
regime, which occurs when the contact size is larger than the mean
free path of sample. It is important to address that the ZBCH can
also be contributed by Andreev bound states, for which the energy
scale of the ZBCH is close to the superconducting gap. This scenario
is inconsistent with our results, as shown in Fig. S2 (online). Even
the Tc values of two FTISC states are similar, the ZBCHs do not have
same energy scale. Since the lack of split peak in the PCS under the
magnetic field, the possibility of Kondo effect seems unlikely
either. Hence, we believe that the thermal effect might be involved
in our PCS with the feature of ZBCH.

Fig. 3c shows the observed SdHOs, for which the linear fitting of
Landau index with respect to 1/B intercepts around zero, suggest-
ing the possession of topological nontrivial nature in such FTISC
states. The MR measurements show the hysteresis in MR curves,
which survives at both T > Tc and T < Tc (Tc = 1 K, see Fig. 3d), indi-
cating the compatibility between ferromagnetism and the
induced-superconductivity in such a system. The magnetization
switching field of 0.08 kG is close to the previous results [42], in
which the switching field of Ni nanowire is about 0.1 kG at 10 K.
Two kinds of PCS under the Ni tips are also obtained by using Co
tips (see Fig. S3 online).
Fig. 3. The Ni/TaAs PC measurement of 3.53 X FTISC state showing ZBCH in PCS. (a) The
The superconducting transition vanishes when the magnetic field of 3 T is applied in the
field. The curves in (a) and (b) are shifted for clarity. (c) The linear fitting of the Landa
oscillations showing peak at 7.9 T. Lower inset: SdHOs after subtracting the background fr
and 2.0 K. The curves at 2 K have been shifted for clarity.
4. Discussion and conclusion

The experimental observation shows that the induced super-
conductivity coexists with the magnetization. This feature suggests
that the tip-induced superconductivity might be p-wave type, as
being proposed in our previous work, where a p-wave topological
superconductor with TR and mirror symmetry was considered to
interpret the experimental results [12]. Interestingly, we show
here that while the magnetization may break both the TR and mir-
ror symmetries, the Majorana surface modes in the proposed topo-
logical superconducting model are robust, which could potentially
interpret the present new observation. In terms of Nambu basis:
bck=(ck", ck;, cy-k", cy-k;), with ck,r = (ck,r,a, ck,r,b) defined for a and b orbi-
tals, the minimal model Hamiltonian is given by

H ¼ H0 þMxsx þMzszð Þsz þ sinkysy þMysy; ð1Þ

H0 ¼ mz þ 2A 3� cosk0coskx � cosky � coskz
� �� l

� �
rz

þ 2Bsink0coskxrx þ 2Asink0sinkxrzsy þ 2Bsink0coskxrz

þ 2Bcosk0sinkxrxsy þ 2Bsinkzry; ð2Þ
where ri, si, and si denote Pauli matrices acting on orbital, spin, and
Nambu spaces, respectively, and the magnetization M = (Mx, My,
Mz). The system parameters A, B, mz, and k0 are taken as A = B = 1,
mz = –2; k0 = –1 for convenience. Without magnetization, i.e.,
M = 0, the Hamiltonian H preserves the TR symmetry and mirror
symmetry, respectively denoted by T = isyK and My = isysz [12]. In
the (0 0 1) surface, the present WSM possesses helical gapless Fermi
arc states protected by TR symmetry. The pairing term 4sinky gaps

4

normalized PCS at different T. Inset: the temperature dependence of PC resistance.
perpendicular direction. (b) The normalized PCS at different perpendicular magnetic
u fan diagram with intercepts of 0.08. Upper inset: Fourier transformation of the
om raw data at 0.3 K. (d) The hysteretic MR behavior in the perpendicular field at 0.3



Fig. 4. Energy spectra of the bulk and surface states (a) along kx direction; (b) along ky direction with the magnetization |M| = 1.54, h = 10�, where h denotes the angle
between the magnetizationM and z axis. In our simulation, magnetization with large z-component and small in-plane component is considered. The magnetization breaks TR
symmetry and opens a gap at the energy crossings of the helical arc states. Yet zero energy Majorana modes are preserved even in the presence of magnetization. All the
numerical simulations are given with 4 equal to 0.05 times the hopping energy.
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out the Fermi arc surface states along y direction except at ky = 0
where the pairing potential vanishes. The surface states form two
anisotropic Majorana cones at the (kx, ky) = (±k1, 0), with the disper-
sion along x direction inherited from the Fermi arc states and that
along y direction determined by the pairing order [12].

The ferromagnetic Ni/Co tip induces magnetization mostly
along z axis into TaAs (perpendicular to the (0 0 1) surface). With
the magnetization energy being much smaller than the saddle
point energy, the Weyl points cannot be annihilated by the magne-
tization. This is also verified by our SdHOs measurements which
show a strong evidence of p Berry phase, indicating that the non-
trivial topology of Weyl fermion is not damaged by the tip-
induced magnetization. On the other hand, the magnetization
breaks TRS and opens a gap at time reversal momentum (kx,
ky) = (0, 0), as verified by the numerical results in Fig. 4a. Further,
unless the magnetization is along y direction, the Zeeman coupling
also breaks the mirror symmetry. However, as shown in Fig. 4a and
b, the zero-energy Majorana cone surface states are robust against
magnetization. This is because a Majorana cone consists of the par-
ticles with spin in +y direction and the holes with spin in –y direc-
tion, respectively, while the magnetization couples only the
opposite spin states of a particle (or hole). Thus the two Majorana
cones at zero energy (Fermi energy) are changed by magnetization.
Since the gap opening at kx = ky = 0 is far away from the zero
energy, the Majorana modes in the superconducting gap are not
affected (to see Fig. 4b). In consequence the main features of PC
tunneling spectra could be unaffected by the ferromagnetic tip
used in the experiment.

In order to test the reproducibility of these observations, up to
135 PC positions on three different samples from same batch have
been measured with different ferromagnetic tips, including more
than 400 PC states. Among them, 40 PC states in 20 PC positions
exhibit superconductivity. These results are summarized in the
Table 1
The success rate of FTISC states for different samples and different ferromagnetic tips.
The success rate is defined as the PC positions containing FTISC states over the total
PC positions.

Sample Co tip Ni tip

Sample 1 1/25 8/15
Sample 2 – 2/30
Sample 3 2/40 7/25
Table 1. According to Table 1, the Co tip is more difficult to induce
the superconducting states than Ni tip on the same sample, imply-
ing the material of the tip is one key factor for determining the suc-
cess rate of the FTISC states.

In conclusion, we have observed the FTISC states in Weyl semi-
metal TaAs for the first time. Typical p-wave PCS are observed in
some FTISC states. Related MR measurements show that the topo-
logically nontrivial nature under the tip maintains for the FTISC
states and the induced superconductivity coexists with the ferro-
magnetism. Our observation suggests that the induced supercon-
ductivity in TaAs is unconventional and may potentially have
nontrivial topology, which is further supported by our theoretical
model.
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