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Resolving different pairing states in Weyl superconductors through the single-particle spectrum
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We study theoretically single-particle spectra of Weyl superconductors. Three different superconducting pairing
states are addressed, which are the BCS-type states with the s-wave pairing symmetry and the p + ip-wave pairing
symmetry, and the FFLO pairing state. We elaborate that these three states can be resolved well based on the bulk
and surface spectral functions as well as the local density of states. The single impurity effect is also explored,
which may help us to differentiate the BCS-type pairing states and the FFLO state further.
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I. INTRODUCTION

The superconductivity in Weyl semimetal systems has been
paid intensive attention. Experimentally, the pressure induced
superconductivity was reported in the materials of WTe2 [1–3].
The MoTe2 material exhibits the bulk superconduction with the
transition temperature Tc = 0.1 K, while it can increase up to
8.2 K under pressure [4]. A surface superconductivity with a
critical temperature up to 5 K without the pressure effect was
also detected in the MoTe2 material by point-contact spec-
troscopy [5]. The above parent materials have been predicted
to be Weyl semimetals [6,7]. Recently, the (Ta,Nb)(As,P)
family had been identified to be Weyl semimetals [8–14].
The signature of superconductivity was revealed by the point-
contact tunneling spectrum on the TaAs material [15]. The
intrinsic superconductivity was realized in the TaP material
under pressure [16]. It was reported that superconductivity
can be induced to the NbAs material through ion irradiation
[17]. Very recently, it was reported that the bulk TaIrTe4

in ultrahigh magnetic field exhibits superconductivity with a
transition temperature up to 1.54 K [18]. The TaIrTe4 material
was predicted theoretically to be the Weyl semimetal [19]. The
Fermi arcs on the surface and the bulk Weyl nodes were later
identified by the angle-resolved photoemission spectroscopy
(ARPES) experiments [20,21].

Theoretically, it was proposed that the Nb-doped Bi2Se3

and the heavy fermion superconductor UPt3 are Weyl super-
conductors [22,23]. Apart from the natural materials, it was
also proposed that superconductivity may be realized through
doping, the proximity effect, or applying a magnetic field.
Physical properties of Weyl superconductors and their potential
applications have attracted broad interest in the past few years
[24–43].
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A minimum model for describing the doped Weyl semimet-
als generates two pockets around the two Weyl nodes [25–28].
Two competing pairing states were before proposed when
the superconductivity was considered. One is the interpocket
pairing state where the momentum of the Cooper pair is zero,
known as the BCS pairing state [26–28]. The other is the
intrapocket pairing state with finite momentum Cooper pairs,
named as the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state
[25]. It was proposed that the FFLO state should win over the
BCS state, in view of that the superconducting pairing was
within a thin shell around the Fermi surface [25], while the
BCS pairing was proposed to be favored when the pairing
in the whole Brillouin zone was considered [28]. Note that
the above two proposed pairing states are both in an even
channel. An odd channel (triplet pairing) BCS pairing state
was also proposed [26,27]. It was also proposed in Ref. [27]
that the FFLO state might win over the odd-channel BCS state
when both inversion and time-reversal symmetry are broken.
Therefore, no consensus about the ground state of the Weyl
superconductor has so far been reached.

The superconductivity in Weyl systems may be related to
the realization of Majorana bound states, which has attracted
considerable interest due to their potential applications in
topological quantum computation [44]. Besides, the realization
of the FFLO state is also an important issue in the studies
of superconductivity. The FFLO state was proposed about
50 years ago [45,46], but its existence has not been confirmed
yet despite intensive efforts. Especially, it was indicated the-
oretically that the space-time supersymmetry emerges when
the Weyl system transits to the FFLO state, which is also of
fundamental interest [35]. Therefore, to determine the ground
state of Weyl superconductors is rather important, while,
theoretically, the results may depend on the parameters, the
model, the approximation used, and the pairing mechanism.
As a result, identifying the most favorable pairing state of a
Weyl superconductor directly appears to be challenging. More
detailed information is needed to resolve the different pairing
states.
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The single-particle spectrum has been used widely for
investigating the electronic structure and determining the
pairing states of unconventional superconductors. Experi-
mentally, it can be measured by ARPES [47] or scanning
tunneling microscopy (STM) [48] techniques. Theoretically,
it is obtained by calculating the imaginary part of the single-
particle Green’s function. Therefore, an effective link for
theoretical calculations and experimental observations may
be established through analyzing the single-particle spectrum.
For Weyl superconductors, systematic investigations about its
single-particle spectrum are still awaited. Thus it is timely and
useful to look into this issue theoretically, which enables us to
understand the electronic structure and topological features of
this family. Moreover, it may help to resolve different pairing
states when superconductivity is present.

In this paper, motivated by the above considerations, we
have studied theoretically the single-particle spectrum of Weyl
superconductors. Three different pairing states, i.e., the s-wave
BCS pairing state [28], the p + ip BCS pairing state [26], and
the FFLO pairing state [25], have been considered. The spectral
function in the momentum space and the local density of states
(LDOS) are both explored and may be used to distinguish
different pairing states. We also study the LDOS near a point
nonmagnetic impurity and propose that the in-gap impurity
states may be used to resolve the pairing states further.

The rest of the paper is organized as follows. In Sec. II,
we introduce the model and present the relevant formalism.
In Sec. III, we report numerical calculations and discuss the
obtained results. Finally, we give a brief summary in Sec. IV.

II. MODEL AND FORMALISM

We start from a lattice model in the real space to describe
the Weyl superconductor, consisting of both the Weyl metal
and the superconducting pairing terms,

H = HW + Hsc. (1)

HW is an effective lattice model for the Weyl metal [28],
expressed as

HW = −
∑

i

∑
α

[C†
i tασ3Ci+α̂ + C

†
i (hσ3 − μσ0)Ci + H.c.]

+
∑

i

λ(C†
i σ1Ci+x̂ + C

†
i σ2Ci+ŷ + H.c.), (2)

with Ci = (ci↑, ci↓)T . σ0 and the σ1−3 are the identity matrix
and Pauli matrix, respectively. i = (x, y, z) represents a site
on the three-dimensional cubic lattice. α = x̂, ŷ, and ẑ, are
the base vectors along x, y, and z directions, respectively.
tα is the nearest-neighbor spin-polarized hopping constant. h

represents an effective Zeeman field. λ is the effective spin-
orbital coupling constant in the x-y plane. μ is the chemical
potential.

HSC represents the superconducting pairing term. Here
besides the s-wave pairing state and the FFLO state which
were proposed previously [25,28], we also consider the p + ip

pairing state, proposed in Ref. [26]. The p + ip pairing state
may be favored due to the effective spin-orbital coupling
term in the x-y plane, consistent with the previous theoretical
prediction [49].

The s-wave pairing state is expressed as

Hs
SC =

∑
i

(�0c
†
i↑c

†
i↓ + H.c.). (3)

The p + ip-wave pairing state is expressed as

H
p+ip

SC =
∑
ijσ

(�ijc
†
iσ c

†
jσ + H.c.), (4)

where j = i ± ŷ(x̂). �ij = ±�0 and ±i�0 for the cases of
j = i ± ŷ and j = i ± x̂, respectively.

The FFLO pairing state is expressed as

H FFLO
SC =

∑
i

[2�0 cos(Ri · Qf )c†i↑c
†
i↓ + H.c.]. (5)

Qf is the net momentum of a Cooper pair. In the FFLO state,
the pairing order parameters vary periodically in real space and
the period r is equal to 2π

|Qf | .
To study the surface state, we explore the Hamiltonian using

the periodic boundary condition along the x and z directions,
and the open boundary condition along the y direction. The
Hamiltonian can be rewritten as

HW = −
∑
kiy

[C†
iy

(k)tyσ3Ciy+ŷ (k) + H.c.]

+
∑
kiy

∑
α=x̂,ẑ

C
†
iy

(k)(hσ3 − 2tα cos kασ3 − μσ0)Ciy (k)

+
∑
kiy

λ[C†
iy

(k)2 sin kxσ1Ciy (k)

+C
†
iy

(k)σ2Ciy+ŷ (k) + H.c.]. (6)

Here the vector k represents a site in the reduced two-
dimensional momentum space with k = (kx, kz).

The superconducting pairing part is rewritten as

Hs
sc =

∑
iyk

[�0c
†
iy↑(k)c†iy↓(−k) + H.c.]; (7)

H
p+ip

SC =
∑
iykσ

[�0 sin kxc
†
iyσ

(k)c†iyσ (−k) + H.c.

+ �0

2
c
†
iyσ

(k)c†iy+ŷσ (−k) + H.c.

− �0

2
c
†
iyσ

(k)c†iy−ŷσ (−k) + H.c.]; (8)

H FFLO
SC =

∑
iyk

[�0c
†
iy↑(k)c†iy↓(−k + Qf ) + H.c.

+�0c
†
iy↑(k)c†iy↓(−k − Qf ).] + H.c. (9)

The whole Hamiltonian can be expressed as the 4Ny × 4Ny

(or 4rNy × 4rNy for the FFLO state) matrix form. One
can obtain the spectral functions depending on the reduced
momentum k and y, expressed as

Ay (k, ω) =
∑
η,σ

∣∣uη

iyσ
(k)

∣∣2

ω − Eη(k) + i�
, (10)

where u
η

iyσ
and Eη(k) are eigenvectors and eigenvalues which

can be obtained by diagonalizing the Hamiltonian matrix. Then
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the y-dependent LDOS is expressed as

ρy (ω) =
∑

k

Ay (k, ω). (11)

We are able to look further into the bulk state via the Fourier
transformation, such that the Hamiltonian HW is given by

HW =
∑
k,ασ

(−2σ tα cos kα − σh − μ)c†kσ ckσ

+
∑

k

2λ[(sin kx + i sin ky )c†k↑ck↓ + H.c.], (12)

where k = (kx, ky, kz) represents a site in the three-
dimensional momentum space. Correspondingly, the super-
conducting part can be written as

Hs
sc =

∑
k

(�0c
†
k↑c

†
−k↓ + H.c.), (13)

or

Hp
sc =

∑
kσ

[2�0(sin kx + i sin ky )c†kσ c
†
−kσ + H.c.], (14)

or

H FFLO
sc =

∑
k

(�0c
†
k↑c

†
−k+Qf ↓ + �0c

†
k↑c

†
−k−Qf ↓ + H.c.).

(15)
The above Hamiltonian can be expressed as the 4 × 4 (or

4r × 4r) matrix. The Green’s function is defined by diagonal-
izing the Hamiltonian, with its elements being expressed as

Ĝ0(k, ω)ij =
∑

n

uiη(k)u†
ηj (k)

ω − Eη(k) + iδ
. (16)

uij (k) and Eη(k) are eigenwave vectors and eigenvalues of the
Hamiltonian matrix, respectively.

We now consider a single impurity placed on the site (0,0,0)
with the impurity scattering strength Vi . The T matrix is
defined as

T̂ (ω) = Û0

/[
Î4×4(4r×4r ) − Û0

1

N

∑
k

Ĝ0(k, ω)

]
, (17)

with Î is the identity matrix and Û0 = Viσ̂3 ⊗ Î .
The LDOS near the impurity is then expressed as

ρ(r, ω) = − 1

π
ImTrĜ(r, ω), (18)

with

Ĝ(r, ω) = Ĝ0(0, ω) + Ĝ0(r, ω)T̂ (ω)Ĝ0(−r, ω). (19)

The bare Green’s functions Ĝ0(r, ω) in the real space can be
obtained by performing a Fourier transformation to [Ĝ0(k, ω)].

For the results to be presented below, the input parameters
are chosen as tx = ty = 0.5, tz = 1, �0 = 0.2, λ = 0.5, μ =
0.5, and h = 2 + 2 cos(π/4) [28]. With these parameters, there
are two Weyl points at (0, 0,±π/4). In the FFLO pairing
state, the Cooper pair momentums are (0, 0,±π/2). Setting
the lattice constant as the length unit, the real-space period r

of the FFLO state equals 4.

III. RESULTS AND DISCUSSION

A. Spectral function

The spectral function may provide direct information for
the quasiparticle energy bands. Especially, the spectral weight
of each energy band can be obtained through investigating the
spectral function. For a multiband system the spectral weight of
different energy bands is important. And for our present work,
due to the existence of the spin flip hopping when λ �= 0, our
starting model is an effective multiband model thus the studies
of the spectral function are indeed necessary. On the other
hand, for the FFLO state the effective Brillouin zone is reduced
and the bands are folded. The spectral weight of each band is
particularly important to explore the electronic structure.

We first discuss the numerical results for the spectral
function at the Fermi energy (ω = 0). For the BCS-like s-wave
pairing symmetry and the FFLO pairing state, this issue has
been addressed before [24,25,28]. For the bulk spectra of the
s-wave pairing symmetry, there are four nodal points along
the kz axis. Here we focus only on the case of the lightly
doped and weak superconducting pairing strength. When
the superconducting order parameter or chemical potential
increases, the bulk nodes may reduce and disappear completely
for a rather strong superconducting pairing [24,28], while we
are not concerned with this issue in the present work. At the
system surface, three connected Fermi arcs exist [28]. In the
FFLO state, the system in the bulk is fully gapped [25,28].
At the system surface, there is one Fermi arc connecting the
two Weyl points. The differences of the bulk states between
the s-wave state and the FFLO state may well be understood
based on the spin texture picture [25].

We now present the numerical results for the p + ip-wave
pairing symmetry. For the open boundary condition along the y

direction and the periodic boundary condition along the x and
z directions, the intensity plots of the zero energy y-dependent
spectral functions are illustrated in Fig. 1. In the system bulk, as
is seen in Fig. 1(a), there are eight bulk nodes in the Brillouin
zone. The origin of the nodes can be well understood from
the gap formula of the p + ip wave and the spin texture. The
spin states for points A and B (C and D) are antiparallel, as
indicated by the arrows. For the case of the p + ip wave with
the equal-spin pairing, only electrons with parallel spins can
be paired. Thus the four nodal points (A, B, C, and D) are

FIG. 1. Intensity plots of the zero energy spectral functions for
the p + ip-wave pairing symmetry. The open boundary along the y

direction for Ny = 100 is considered.
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FIG. 2. Intensity plots of the spectral function as a function of the
z-direction momentum (kz ) and the energy ω for kx = 0.

left. On the other hand, the superconducting gap equals zero
when both kx and ky equal zero, which generates the other four
nodes along the axis of kx = 0. At the system surface, as is seen
in Fig. 2(b), there are three disconnected Fermi arcs, among
which two are along the kz axis and one is along the kx = 0.2π

line. This result is different from the the spectra of the s-wave
state and the FFLO state [28]. These features may be detected
by later ARPES experiments and used to distinguish different
pairing states of Weyl superconductors.

We here look into the spectral function at finite energies.
The intensity plots of the spectral function as a function of the
momentum kz and the energy ω with kx = 0 are displayed in
Fig. 2. The spectra in the system bulk (y = Ny/2) for different
superconducting pairing states are seen in Figs. 2(a)–2(c).
Generally, the spectra are qualitatively similar when the energy
is far away from the Fermi energy, while they are rather
different at low energies. An obvious energy gap (about 0.1)
opens for the FFLO state. At the system surface (y = 1), as
is seen in Figs. 2(d)–2(f), the spectral weight transfers to the
surface states and the bulk states are nearly invisible. For the
case of the BCS-type pairing, only three flat surface bands exist,
among which two are at the Fermi energy, connecting the bulk
nodes. The other band is near the chemical potential energy, due
to the normal-state arc state at ω = μ. For the FFLO state, the
surface states cross the Fermi energy, connecting the upper and
the lower bulk bands. This is significantly different from those
in the BCS-type states. The surface states shown in Fig. 2(f) can
be understood well through analyzing its topological feature,
namely, it can be characterized by the integer-valued three-
dimensional topological superconductivity, which accounts for
the existence of the surface states [40]. The BCS-type pairing
states and the FFLO state can be resolved clearly from the
above features. While in the BCS states, the spectral functions
for different pairing symmetries (s wave and p + ip wave)
are almost the same, thus they cannot be distinguished merely
from the spectral functions along the kx = 0 direction.

FIG. 3. Similar to Fig. 2 but for kx = 0.06π .

To resolve different pairing states further, we study the
spectral function along a different line cut. The intensity plots
of the spectral function as a function of the momentum kz

and the energy ω with kx = 0.06π are explored in Fig. 3.
As is seen, for the bulk states, there exist energy gaps at the
Fermi energy and the chemical potential energy for all of the
three superconducting pairing states. At the system surface,
for the p + ip pairing symmetry, there still exist several flat
arc states, while their energies shift compared with those
along the kx = 0 line. For the FFLO state, the surface state
is qualitatively similar to that along the kx = 0 line. However,
the surface state for the s-wave pairing symmetry is completely
different, namely, the flat arc states disappear and there are
surface states crossing the Fermi energy and connecting two
disconnected bulk bands. As a result, the surface spectra shown
in Figs. 3(d)–3(f) are significantly different for the three kinds
of superconducting state, which may be used to differentiate
further the possible pairing states of the Weyl superconductor.

B. Local density of states

At this stage, we turn to address the LDOS spectra. The
LDOS spectra can be detected experimentally through STM
experiments, which is also a powerful tool to study the pairing
symmetries of unconventional superconductors. It was also
proposed before that the LDOS spectra might be used to
confirm the FFLO state through the periodic intensities in the
real space or the in-gap Andreev bound states [50,51].

For the open boundary along the y direction and periodic
boundary along the x and z directions, the y dependent LDOS
spectra ρy (ω) for different superconducting pairing states are
displayed in Figs. 4(a)–4(c). We first look into the bulk state.
As is seen, for the BCS-type pairing states, the spectra are
V shaped, indicating the nodal behavior. For the FFLO state,
U -shaped spectra are displayed with the intensity being nearly
zero at a low-energy region, indicating the full gap feature. For
the case of the surface state, notably, the spectra for different
pairing states are very different. For the s-wave state, a clear
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FIG. 4. The LDOS spectra from the system bulk to the surface
for different superconducting pairing states.

zero energy peak shows up. For the p + ip-wave symmetry,
a gaplike feature exists at low energies. For the FFLO state,
the spectra are smooth across the Fermi energy. No peak and
gap features exist. Thus the surface states along the y direction
may be used to distinguish different superconducting states.

For the FFLO state with the net Cooper pair momentum
along the kz direction, the superconducting order parameter is
periodic along the z axis in the real space. It is usually useful
to investigate the LDOS spectral along this direction to look
for additional signatures for the FFLO states [50,51]. As for
the open boundary along the z direction, we here present the
numerical results of z dependent the LDOS spectra ρz(ω) in
Fig. 4(d). It seems that the LDOS spectra depend weakly on z.
From the bulk to the surface, there is no clear periodic feature
for the LDOS. And no in-gap Andreev bound states appear.
These features are different from the conventional FFLO state
[50,51]. Thus for the Weyl superconductors, the FFLO state
cannot be detected directly through its periodic feature or in-
gap Andreev bound states.

Now let us study the single impurity effect for the Weyl
superconductor. Usually for the topological nontrivial systems,
at the system surface no impurity resonance states can survive
due to the existence of the surface states. While for the Weyl
system, if the the cleavage surface is perpendicular to the
z axis, there is no surface state and the LDOS spectra are
qualitatively the same as the bulk ones. For this case the
single impurity effect can be explored based on Eqs. (17)–
(19). The LDOS spectra for different superconducting pairing
states with different impurity scattering strengths are presented
in Fig. 5. For the BCS-type pairing and positive impurity
scattering, strong resonance peaks appear near the Fermi level
for a typical impurity strength Vi = 20. The intensity of the
impurity induced peaks decreases rapidly when the impurity
strength is away from 20 and finally the impurity states nearly
disappear. For the negative scattering potentials, the strong
resonance states appear near the impurity strength Vi = −5
while their positions are near the gap edges. Similar to the case
of positive potentials, the impurity induced peaks decreases
rapidly when the strength away from Vi = −5. For the FFLO
state, the impurity resonance states are rather robust. The
strong impurity induced peaks appear for nearly all of the
impurity scattering strengths we considered. For the BCS

FIG. 5. The LDOS spectra near a point impurity for different
pairing states and different impurity scattering strengths.

states with different pairing symmetries (s-wave and p-wave),
no qualitative differences exist, as shown in Figs. 5(a)–5(d),
while the results are significantly different for the FFLO
superconducting state. Thus we here propose that the impurity
effect may also help to differentiate the BCS states from the
FFLO state, but it cannot resolve different pairing symmetries
of the BCS states.

Generally, the impurity induced in-gap resonance peaks are
sensitive to the phases of the superconducting order parameter.
If they exist, they are usually robust for a strong impurity
scattering strength. Here for the BCS-type pairing, it seems that
the impurity resonance states just appear occasionally and are
not rather robust. Actually, the effective order-parameter phase
of a Weyl superconductor has been studied systematically
recently [40]. For the BCS type pairing, the phase cannot
be globally well defined on the Fermi surfaces. Thus the
impurity effect displayed above in the BCS-type states is
understandable. On the contrary, in the FFLO state, the phase is
well defined. Especially, the effective pairing function in this
pairing state is a mixture of the s-wave pairing and p-wave
pairing. It can be characterized by an integer topological
index [40]. The single impurity effect in various topological
superconductors has been studied intensively, and the in-gap
impurity states have been confirmed and well understood
[52–58]. Our numerical results about the impurity effect in the
FFLO state is well consistent with previous theoretical results
for topological superconductors.

IV. SUMMARY

In summary, the single-particle spectra of a Weyl super-
conductor are studied numerically. We have addressed three
different superconducting pairing states, i.e., the BCS-like
pairing with the s-wave pairing symmetry, the BCS-like pairing
with the p + ip-wave pairing symmetry, and the FFLO pairing
state. For the open boundary condition along the y direction,
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the bulk states and surface states for the spectral function
and the LDOS spectra are explored, which can be used to
distinguish the three superconducting pairing states clearly.
Along the z axis there are no surface states. The low-energy
spectra near the system surface is qualitatively the same
with those in the system bulk. The single impurity effect is
investigated. For the BCS-type pairing state, the impurity states
appear at certain typical impurity scattering strength and the
intensities decrease rapidly when away from this strength.
For the FFLO state the impurity induced in-gap peaks are
strong and robust, and they appear for all of the impurity
scattering strengths we considered. These results may be used

to differentiate the BCS-type pairing states from the FFLO
pairing state. It is expected that the present results will be rather
helpful for a comprehensive and better understanding of Weyl
superconductors.

ACKNOWLEDGMENTS

This work was supported by the GRF of Hong Kong (Grants
No. HKU173309/16P and No. HKU173057/17P), the Natural
Science Foundation from Jiangsu Province of China (Grant
No. BK20160094), and the Start-up Foundation from South
China Normal University.

[1] X.-C. Pan, X. Chen, H. Liu, Y. Feng, Z. Wei, Y. Zhou, Z. Chi,
L. Pi, F. Yen, F. Song, X. Wan, Z. Yang, B. Wang, G. Wang, and
Y. Zhang, Nat. Commun. 6, 7805 (2015).

[2] D. Kang, Y. Zhou, W. Yi, C. Yang, J. Guo, Y. Shi, S. Zhang, Z.
Wang, C. Zhang, S. Jiang, A. Li, K. Yang, Q. Wu, G. Zhang,
L. Sun, and Z. Zhao, Nat. Commun. 6, 7804 (2015).

[3] Y. T. Chan, P. L. Alireza, K. Y. Yip, Q. Niu, K. T. Lai, and S. K.
Goh, Phys. Rev. B 96, R180504 (2017).

[4] Y. Qi, P. G. Naumov, M. N. Ali, C. R. Rajamathi, W. Schnelle,
O. Barkalov, M. Hanfland, S.-C. Wu, C. Shekhar, Y. Sun, V. Süß,
M. Schmidt, U. Schwarz, E. Pippel, P. Werner, R. Hillebrand,
T. Förster, E. Kampert, S. Parkin, R. J. Cava, C. Felser, B. Yan,
and S. A. Medvedev, Nat. Commun. 7, 11038 (2016).

[5] Yu. G. Naidyuk, O. E. Kvitnitskaya, D. L. Bashlakov, S.
Aswartham, I. V. Morozov, I. O. Chernyavskii, G. Fuchs, S.-L.
Drechsler, R. Hühne, K. Nielsch, B. Büchner, and D. V. Efremov,
2D Materials (2018), doi:10.1088/2053-1583/aad3e2

[6] A. A. Soluyanov, D. Gresch, Z. Wang, Q. Wu, M. Troyer, X.
Dai, and B. Andrei Bernevig, Nature (London) 527, 495 (2015).

[7] Y. Sun, S.-C. Wu, M. N. Ali, C. Felser, and B. Yan, Phys. Rev.
B 92, 161107 (2015).

[8] H. Weng, C. Fang, Z. Fang, A. Bernevig, and X. Dai, Phys. Rev.
X 5, 011029 (2015).

[9] S.-M. Huang, S.-Y. Xu, I. Belopolski, C.-C. Lee, G. Chang, B. K.
Wang, N. Alidoust, G. Bian, M. Neupane, C. Zhang, S. Jia, A.
Bansil, H. Lin, and M. Z. Hasan, Nat. Commun. 6, 7373 (2015).

[10] S.-Y. Xu, I. Belopolski, N. Alidoust, M. Neupane, G. Bian, C.
Zhang, R. Sankar, G. Chang, Z. Yuan, C.-C. Lee, S.-M. Huang,
H. Zheng, J. Ma, D. S. Sanchez, B. Wang, A. Bansil, F. Chou,
P. P. Shibayev, H. Lin, S. Jia, and M. Zahid Hasan, Science 349,
613 (2015).

[11] B. Q. Lv, H. M. Weng, B. B. Fu, X. P. Wang, H. Miao, J. Ma, P.
Richard, X. C. Huang, L. X. Zhao, G. F. Chen, Z. Fang, X. Dai,
T. Qian, and H. Ding, Phys. Rev. X 5, 031013 (2015).

[12] B. Q. Lv, N. Xu, H. M. Weng, J. Z. Ma, P. Richard, X. C. Huang,
L. X. Zhao, G. F. Chen, C. E. Matt, F. Bisti, V. N. Strocov, J.
Mesot, Z. Fang, X. Dai, T. Qian, M. Shi, and H. Ding, Nat. Phys.
11, 724 (2015).

[13] S. Y. Xu, I. Belopolski, D. S. Sanchez, C. Zhang, G. Chang, C.
Guo, G. Bian, Z. Yuan, H. Lu, T. R. Chang, P. P. Shibayev, M. L.
Prokopovych, N. Alidoust, H. Zheng, C. C. Lee, S. M. Huang,
R. Sankar, F. Chou, C. H. Hsu, H. T. Jeng et al., Sci. Adv. 1,
e1501092 (2015).

[14] S.-Y. Xu, N. Alidoust, I. Belopolski, Z. Yuan, G. Bian, T.-R.
Chang, H. Zheng, V. N. Strocov, D. S. Sanchez, G. Chang, C.

Zhang, D. Mou, Y. Wu, L. Huang, C.-C. Lee, S.-M. Huang, B.
Wang, A. Bansil, H.-T. Jeng, T. Neupert et al., Nat. Phys. 11,
748 (2015).

[15] H. Wang, H. Wang, Y. Chen, J. Luo, Z. Yuan, J. Liu, Y. Wang, S.
Jia, X.-J. Liu, J. Wei, and J. Wang, Sci. Bullet. 62, 425 (2017).

[16] Y. Li, Y. Zhou, Z. Guo, F. Han, X. Chen, P. Lu, X. Wang, C. An,
Y. Zhou, J. Xing, G. Du, X. Zhu, H. Yang, J. Sun, Z. Yang, W.
Yang, H.-K. Mao, Y. Zhang, and H.-H. Wen, N. P. J. Quantum
Mater. 2, 66 (2017).

[17] M. D. Bachmann, N. Nair, F. Flicker, R. Ilan, T. Meng, N. J.
Ghimire, E. D. Bauer, F. Ronning, J. G. Analytis, and P. J. W.
Moll, Sci. Adv. 3, e1602983 (2017).

[18] Y. Xing, Z. Shao, J. Ge, J. Wang, Z. Zhu, J. Liu, Y. Wang,
Z. Zhao, D. Mandrus, J. Yan, X.-J. Liu, M. Pan, and J. Wang,
arXiv:1805.10883.

[19] K. Koepernik, D. Kasinathan, D. V. Efremov, S. Khim, S.
Borisenko, B. Buchner, and J. van den Brink, Phys. Rev. B 93,
201101(R) (2016).

[20] E. Haubold, K. Koepernik, D. Efremov, S. Khim, A. Fedorov,
Y. Kushnirenko, J. van den Brink, S. Wurmehl, B. Buchner,
T. K. Kim, M. Hoesch, K. Sumida, K. Taguchi, T. Yoshikawa,
A. Kimura, T. Okuda, and S. V. Borisenko, Phys. Rev. B 95,
241108(R) (2017).

[21] I. Belopolski, P. Yu, D. S. Sanchez, Y. Ishida, T.-R. Chang, S.
S. Zhang, S.-Y. Xu, H. Zheng, G. Chang, G. Bian, H.-T. Jeng,
T. Kondo, H. Lin, Z. Liu, S. Shin, and M. Zahid Hasan, Nat.
Commun. 8, 942 (2017).

[22] N. F. Q. Yuan, W.-Y. He, and K. T. Law, Phys. Rev. B 95,
201109(R) (2017).

[23] Y. Yanase, Phys. Rev. B 94, 174502 (2016).
[24] T. Meng and L. Balents, Phys. Rev. B 86, 054504 (2012).
[25] G. Y. Cho, J. H. Bardarson, Y.-M. Lu, and J. E. Moore, Phys.

Rev. B 86, 214514 (2012).
[26] H. Wei, S.-P. Chao, and V. Aji, Phys. Rev. B 89, 014506

(2014).
[27] G. Bednik, A. A. Zyuzin, and A. A. Burkov, Phys. Rev. B 92,

035153 (2015).
[28] T. Zhou, Y. Gao, and Z. D. Wang, Phys. Rev. B 93, 094517

(2016).
[29] T. Das, Phys. Rev. B 88, 035444 (2013).
[30] W. Chen et al., Europhys. Lett. 103, 27006 (2013).
[31] U. Khanna, A. Kundu, S. Pradhan, and S. Rao, Phys. Rev. B 90,

195430 (2014).
[32] S. A. Yang, H. Pan, and F. Zhang, Phys. Rev. Lett. 113, 046401

(2014).

024515-6

https://doi.org/10.1038/ncomms8805
https://doi.org/10.1038/ncomms8805
https://doi.org/10.1038/ncomms8805
https://doi.org/10.1038/ncomms8805
https://doi.org/10.1038/ncomms8804
https://doi.org/10.1038/ncomms8804
https://doi.org/10.1038/ncomms8804
https://doi.org/10.1038/ncomms8804
https://doi.org/10.1103/PhysRevB.96.180504
https://doi.org/10.1103/PhysRevB.96.180504
https://doi.org/10.1103/PhysRevB.96.180504
https://doi.org/10.1103/PhysRevB.96.180504
https://doi.org/10.1038/ncomms11038
https://doi.org/10.1038/ncomms11038
https://doi.org/10.1038/ncomms11038
https://doi.org/10.1038/ncomms11038
https://doi.org/10.1088/2053-1583/aad3e2
https://doi.org/10.1088/2053-1583/aad3e2
https://doi.org/10.1088/2053-1583/aad3e2
https://doi.org/10.1038/nature15768
https://doi.org/10.1038/nature15768
https://doi.org/10.1038/nature15768
https://doi.org/10.1038/nature15768
https://doi.org/10.1103/PhysRevB.92.161107
https://doi.org/10.1103/PhysRevB.92.161107
https://doi.org/10.1103/PhysRevB.92.161107
https://doi.org/10.1103/PhysRevB.92.161107
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1038/ncomms8373
https://doi.org/10.1038/ncomms8373
https://doi.org/10.1038/ncomms8373
https://doi.org/10.1038/ncomms8373
https://doi.org/10.1126/science.aaa9297
https://doi.org/10.1126/science.aaa9297
https://doi.org/10.1126/science.aaa9297
https://doi.org/10.1126/science.aaa9297
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1038/nphys3426
https://doi.org/10.1038/nphys3426
https://doi.org/10.1038/nphys3426
https://doi.org/10.1038/nphys3426
https://doi.org/10.1126/sciadv.1501092
https://doi.org/10.1126/sciadv.1501092
https://doi.org/10.1126/sciadv.1501092
https://doi.org/10.1126/sciadv.1501092
https://doi.org/10.1038/nphys3437
https://doi.org/10.1038/nphys3437
https://doi.org/10.1038/nphys3437
https://doi.org/10.1038/nphys3437
https://doi.org/10.1016/j.scib.2017.02.009
https://doi.org/10.1016/j.scib.2017.02.009
https://doi.org/10.1016/j.scib.2017.02.009
https://doi.org/10.1016/j.scib.2017.02.009
https://doi.org/10.1038/s41535-017-0066-z
https://doi.org/10.1038/s41535-017-0066-z
https://doi.org/10.1038/s41535-017-0066-z
https://doi.org/10.1038/s41535-017-0066-z
https://doi.org/10.1126/sciadv.1602983
https://doi.org/10.1126/sciadv.1602983
https://doi.org/10.1126/sciadv.1602983
https://doi.org/10.1126/sciadv.1602983
http://arxiv.org/abs/arXiv:1805.10883
https://doi.org/10.1103/PhysRevB.93.201101
https://doi.org/10.1103/PhysRevB.93.201101
https://doi.org/10.1103/PhysRevB.93.201101
https://doi.org/10.1103/PhysRevB.93.201101
https://doi.org/10.1103/PhysRevB.95.241108
https://doi.org/10.1103/PhysRevB.95.241108
https://doi.org/10.1103/PhysRevB.95.241108
https://doi.org/10.1103/PhysRevB.95.241108
https://doi.org/10.1038/s41467-017-00938-1
https://doi.org/10.1038/s41467-017-00938-1
https://doi.org/10.1038/s41467-017-00938-1
https://doi.org/10.1038/s41467-017-00938-1
https://doi.org/10.1103/PhysRevB.95.201109
https://doi.org/10.1103/PhysRevB.95.201109
https://doi.org/10.1103/PhysRevB.95.201109
https://doi.org/10.1103/PhysRevB.95.201109
https://doi.org/10.1103/PhysRevB.94.174502
https://doi.org/10.1103/PhysRevB.94.174502
https://doi.org/10.1103/PhysRevB.94.174502
https://doi.org/10.1103/PhysRevB.94.174502
https://doi.org/10.1103/PhysRevB.86.054504
https://doi.org/10.1103/PhysRevB.86.054504
https://doi.org/10.1103/PhysRevB.86.054504
https://doi.org/10.1103/PhysRevB.86.054504
https://doi.org/10.1103/PhysRevB.86.214514
https://doi.org/10.1103/PhysRevB.86.214514
https://doi.org/10.1103/PhysRevB.86.214514
https://doi.org/10.1103/PhysRevB.86.214514
https://doi.org/10.1103/PhysRevB.89.014506
https://doi.org/10.1103/PhysRevB.89.014506
https://doi.org/10.1103/PhysRevB.89.014506
https://doi.org/10.1103/PhysRevB.89.014506
https://doi.org/10.1103/PhysRevB.92.035153
https://doi.org/10.1103/PhysRevB.92.035153
https://doi.org/10.1103/PhysRevB.92.035153
https://doi.org/10.1103/PhysRevB.92.035153
https://doi.org/10.1103/PhysRevB.93.094517
https://doi.org/10.1103/PhysRevB.93.094517
https://doi.org/10.1103/PhysRevB.93.094517
https://doi.org/10.1103/PhysRevB.93.094517
https://doi.org/10.1103/PhysRevB.88.035444
https://doi.org/10.1103/PhysRevB.88.035444
https://doi.org/10.1103/PhysRevB.88.035444
https://doi.org/10.1103/PhysRevB.88.035444
https://doi.org/10.1209/0295-5075/103/27006
https://doi.org/10.1209/0295-5075/103/27006
https://doi.org/10.1209/0295-5075/103/27006
https://doi.org/10.1209/0295-5075/103/27006
https://doi.org/10.1103/PhysRevB.90.195430
https://doi.org/10.1103/PhysRevB.90.195430
https://doi.org/10.1103/PhysRevB.90.195430
https://doi.org/10.1103/PhysRevB.90.195430
https://doi.org/10.1103/PhysRevLett.113.046401
https://doi.org/10.1103/PhysRevLett.113.046401
https://doi.org/10.1103/PhysRevLett.113.046401
https://doi.org/10.1103/PhysRevLett.113.046401


RESOLVING DIFFERENT PAIRING STATES IN WEYL … PHYSICAL REVIEW B 98, 024515 (2018)

[33] B. Liu, X. Li, L. Yin, and W. V. Liu, Phys. Rev. Lett. 114, 045302
(2015).

[34] B. Lu, K. Yada, M. Sato, and Y. Tanaka, Phys. Rev. Lett. 114,
096804 (2015).

[35] S.-K. Jian, Y.-F. Jiang, and H. Yao, Phys. Rev. Lett. 114, 237001
(2015).

[36] Y. Kim, M. J. Park, and M. J. Gilbert, Phys. Rev. B 93, 214511
(2016).

[37] B. Rosenstein, B. Ya. Shapiro, D. Li, and I. Shapiro, Phys. Rev.
B 96, 224517 (2017).

[38] L. Hao, R. Wang, P. Hosur, and C. S. Ting, Phys. Rev. B 96,
094530 (2017).

[39] M. Alidoust, K. Halterman, and A. A. Zyuzin, Phys. Rev. B 95,
155124 (2017).

[40] Y. Li and F. D. M. Haldane, Phys. Rev. Lett. 120, 067003 (2018).
[41] J. Fang, W. Duan, J. Liu, C. Zhang, and Z. Ma, Phys. Rev. B 97,

165301 (2018).
[42] T. Matsushita, T. Liu, T. Mizushima, and S. Fujimoto, Phys. Rev.

B 97, 134519 (2018).
[43] B. Rosenstein, B. Ya. Shapiro, D. Li, and I. Shapiro, Phys. Rev.

B 97, 144510 (2018)
[44] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S. Das

Sarma, Rev. Mod. Phys. 80, 1083 (2008).
[45] P. Fulde and R. A. Ferell, Phys. Rev. 135, A550 (1964).

[46] A. I. Larkin and Y. N. Ovchinnikov, Zh. Eksp. Teor. Fiz. 47,
1136 (1964) [Sov. Phys. JETP 20, 762 (1965)].

[47] A. Damascelli, Z. Hussain, and Z.-X. Shen, Rev. Mod. Phys. 75,
473 (2003).

[48] Øystein Fischer, M. Kugler, I. Maggio-Aprile, C. Berthod, and
C. Renner, Rev. Mod. Phys. 79, 353 (2007).

[49] J. Liu, Q. Han, L. B. Shao, and Z. D. Wang, Phys. Rev. Lett. 107,
026405 (2011).

[50] Q. Wang, H.-Y. Chen, C.-R. Hu, and C. S. Ting, Phys. Rev. Lett.
96, 117006 (2006).

[51] T. Zhou and C. S. Ting, Phys. Rev. B 80, 224515 (2009).
[52] J. D. Sau and E. Demler, Phys. Rev. B 88, 205402 (2013).
[53] X.-J. Liu, Phys. Rev. A 87, 013622 (2013).
[54] Y. Nagai, Y. Ota, and M. Machida, J. Phys. Soc. Jpn. 84, 034711

(2015).
[55] M. Wimmer, A. R. Akhmerov, M. V. Medvedyeva, J. Tworzydlo,

and C. W. J. Beenakker, Phys. Rev. Lett. 105, 046803
(2010).

[56] H. Hu, L. Jiang, H. Pu, Y. Chen, and X.-J. Liu, Phys. Rev. Lett.
110, 020401 (2013).

[57] Y. Nagai, Y. Ota, and M. Machida, Phys. Rev. B 89, 214506
(2014).

[58] Y.-W. Guo, W. Li, and Y. Chen, Front. Phys. 12, 127403
(2017).

024515-7

https://doi.org/10.1103/PhysRevLett.114.045302
https://doi.org/10.1103/PhysRevLett.114.045302
https://doi.org/10.1103/PhysRevLett.114.045302
https://doi.org/10.1103/PhysRevLett.114.045302
https://doi.org/10.1103/PhysRevLett.114.096804
https://doi.org/10.1103/PhysRevLett.114.096804
https://doi.org/10.1103/PhysRevLett.114.096804
https://doi.org/10.1103/PhysRevLett.114.096804
https://doi.org/10.1103/PhysRevLett.114.237001
https://doi.org/10.1103/PhysRevLett.114.237001
https://doi.org/10.1103/PhysRevLett.114.237001
https://doi.org/10.1103/PhysRevLett.114.237001
https://doi.org/10.1103/PhysRevB.93.214511
https://doi.org/10.1103/PhysRevB.93.214511
https://doi.org/10.1103/PhysRevB.93.214511
https://doi.org/10.1103/PhysRevB.93.214511
https://doi.org/10.1103/PhysRevB.96.224517
https://doi.org/10.1103/PhysRevB.96.224517
https://doi.org/10.1103/PhysRevB.96.224517
https://doi.org/10.1103/PhysRevB.96.224517
https://doi.org/10.1103/PhysRevB.96.094530
https://doi.org/10.1103/PhysRevB.96.094530
https://doi.org/10.1103/PhysRevB.96.094530
https://doi.org/10.1103/PhysRevB.96.094530
https://doi.org/10.1103/PhysRevB.95.155124
https://doi.org/10.1103/PhysRevB.95.155124
https://doi.org/10.1103/PhysRevB.95.155124
https://doi.org/10.1103/PhysRevB.95.155124
https://doi.org/10.1103/PhysRevLett.120.067003
https://doi.org/10.1103/PhysRevLett.120.067003
https://doi.org/10.1103/PhysRevLett.120.067003
https://doi.org/10.1103/PhysRevLett.120.067003
https://doi.org/10.1103/PhysRevB.97.165301
https://doi.org/10.1103/PhysRevB.97.165301
https://doi.org/10.1103/PhysRevB.97.165301
https://doi.org/10.1103/PhysRevB.97.165301
https://doi.org/10.1103/PhysRevB.97.134519
https://doi.org/10.1103/PhysRevB.97.134519
https://doi.org/10.1103/PhysRevB.97.134519
https://doi.org/10.1103/PhysRevB.97.134519
https://doi.org/10.1103/PhysRevB.97.144510
https://doi.org/10.1103/PhysRevB.97.144510
https://doi.org/10.1103/PhysRevB.97.144510
https://doi.org/10.1103/PhysRevB.97.144510
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/PhysRev.135.A550
https://doi.org/10.1103/PhysRev.135.A550
https://doi.org/10.1103/PhysRev.135.A550
https://doi.org/10.1103/PhysRev.135.A550
https://doi.org/10.1103/RevModPhys.75.473
https://doi.org/10.1103/RevModPhys.75.473
https://doi.org/10.1103/RevModPhys.75.473
https://doi.org/10.1103/RevModPhys.75.473
https://doi.org/10.1103/RevModPhys.79.353
https://doi.org/10.1103/RevModPhys.79.353
https://doi.org/10.1103/RevModPhys.79.353
https://doi.org/10.1103/RevModPhys.79.353
https://doi.org/10.1103/PhysRevLett.107.026405
https://doi.org/10.1103/PhysRevLett.107.026405
https://doi.org/10.1103/PhysRevLett.107.026405
https://doi.org/10.1103/PhysRevLett.107.026405
https://doi.org/10.1103/PhysRevLett.96.117006
https://doi.org/10.1103/PhysRevLett.96.117006
https://doi.org/10.1103/PhysRevLett.96.117006
https://doi.org/10.1103/PhysRevLett.96.117006
https://doi.org/10.1103/PhysRevB.80.224515
https://doi.org/10.1103/PhysRevB.80.224515
https://doi.org/10.1103/PhysRevB.80.224515
https://doi.org/10.1103/PhysRevB.80.224515
https://doi.org/10.1103/PhysRevB.88.205402
https://doi.org/10.1103/PhysRevB.88.205402
https://doi.org/10.1103/PhysRevB.88.205402
https://doi.org/10.1103/PhysRevB.88.205402
https://doi.org/10.1103/PhysRevA.87.013622
https://doi.org/10.1103/PhysRevA.87.013622
https://doi.org/10.1103/PhysRevA.87.013622
https://doi.org/10.1103/PhysRevA.87.013622
https://doi.org/10.7566/JPSJ.84.034711
https://doi.org/10.7566/JPSJ.84.034711
https://doi.org/10.7566/JPSJ.84.034711
https://doi.org/10.7566/JPSJ.84.034711
https://doi.org/10.1103/PhysRevLett.105.046803
https://doi.org/10.1103/PhysRevLett.105.046803
https://doi.org/10.1103/PhysRevLett.105.046803
https://doi.org/10.1103/PhysRevLett.105.046803
https://doi.org/10.1103/PhysRevLett.110.020401
https://doi.org/10.1103/PhysRevLett.110.020401
https://doi.org/10.1103/PhysRevLett.110.020401
https://doi.org/10.1103/PhysRevLett.110.020401
https://doi.org/10.1103/PhysRevB.89.214506
https://doi.org/10.1103/PhysRevB.89.214506
https://doi.org/10.1103/PhysRevB.89.214506
https://doi.org/10.1103/PhysRevB.89.214506
https://doi.org/10.1007/s11467-017-0683-9
https://doi.org/10.1007/s11467-017-0683-9
https://doi.org/10.1007/s11467-017-0683-9
https://doi.org/10.1007/s11467-017-0683-9



