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Abstract

This theoretical study delves into the superconducting traits of Weyl semimetals that possess time
reversal symmetry, utilizing the Bogoliubov—de Gennes equations. Our meticulous self-consistent
calculations have unveiled a dual superconducting gap at the surface. We have also contrasted these
findings with the superconducting characteristics of models that exhibit broken time-reversal
symmetry. Our analysis indicates that Weyl semimetals with unimpaired time-reversal symmetry
not only sustain a complete energy gap but also display modified Fermi arc surface states, which are
notably distinct from those in models with compromised time-reversal symmetry. This work
bridges the gap between theoretical expectations and experimental observations, advancing our
understanding of the superconducting properties of Weyl semimetals.

1. Introduction

Weyl semimetals are a captivating class of materials distinguished by their topologically nontrivial electronic
properties [1]. Since their theoretical prediction and experimental validation in 2015 [2-5], these materials
have garnered significant attention. Weyl semimetals are characterized by the presence of band crossing
points, known as Weyl nodes, where low-energy excitations exhibit linear dispersion. The formation of these
nodes is predicated on the violation of spatial inversion symmetry or time-reversal symmetry.

The theoretical framework for Weyl semimetals was established within condensed matter physics [6-9],
diverging from high-energy physics. The identification of Weyl fermions in materials from the TaAs family
has propelled these materials into the spotlight of condensed matter physics and materials science research.
Weyl semimetals possess a range of intriguing properties, such as linear dispersion in electronic bands,
gapless Weyl points, and Fermi arcs on their surfaces, making them ideal for studying novel electronic phases
and quantum transport phenomena [10, 11].

Their potential applications span superconductivity, quantum phase transitions, and electronic
topological effects [12, 13]. The superconducting state in Weyl systems is particularly notable, as it may
enable the realization of Majorana bound states, which are of great interest for topological quantum
computation. The possibility of exotic superconducting states, such as the
Fulde-Ferrell-Larkin—Ovchinnikov (FFLO) state [14] or the odd-parity BCS state [15], has also been
theorized within the Weyl framework.

Experimental observations of superconductivity in various Weyl semimetal materials have confirmed
theoretical expectations [16—28]. The single-particle spectrum is a key tool for examining electronic
structures and pairing states in unconventional superconductors, accessible through angle resolved
photoemission spectroscopy (ARPES) [29] or scanning tunneling microscope (STM) experiments [30].
Theoretical understanding of the single-particle spectrum is derived from the computation of the
single-particle Green’s function.
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Recent experimental work, such as the STM observation of a superconducting gap of approximately
20 meV in the Weyl semimetal t-PtBi,, has provided valuable insights into the superconducting properties of
these materials [31-34]. Notably, clear superconducting coherence peaks have been revealed at the gap edges
in the STM spectra at the system surface. However, these experimental results present a significant divergence
from previous theoretical calculations of the local density of states (LDOSs) at the surface of Weyl
superconductors. Theoretically, for all pairing states, there were no obvious coherence peaks predicted at the
system surface [35]. Particularly, due to the Fermi arc in the s-wave superconducting state, it was proposed
that the density of states at zero energy would be large, with no gap features [36].

This discrepancy between experimental observations and theoretical predictions, particularly regarding
the presence of coherence peaks and the nature of the superconducting gap, underscores the need for a
reevaluation of theoretical models in light of actual material properties. Many theoretical models are
predicated on the assumption of inversion symmetry and the breaking of time-reversal symmetry [14, 15,
35-40]. However, the t-PtBi, material demonstrates a distinct symmetry profile, preserving time-reversal
symmetry while exhibiting broken inversion symmetry [41, 42]. This discrepancy calls for a more nuanced
approach to modeling that reflects the true symmetry properties of the material under investigation.

In this paper, we delve into the single-particle spectra of superconducting Weyl semimetals, focusing on
the impact of time-reversal symmetry. Through self-consistent calculations of the superconducting gap and
an exploration of the LDOS spectra, we find that the surface spectrum is fully gapped, with the emergence of
two coherence superconducting peaks, aligning with recent experimental results. These findings bridge the
gap between theoretical expectations and experimental observations and contribute to a deeper
understanding of the superconducting properties of Weyl semimetals.

The structure of this paper is as follows: section 2 introduces the model and the theoretical framework.
Section 3 presents numerical calculations and discusses the results. Section 4 concludes with a summary of
our findings.

2. Model and formalism

We commence our theoretical investigation with a model Hamiltonian that encompasses both the normal
state and interaction terms:

H=H;+ Ha. (1)

Here, H, denotes the normal state Hamiltonian, which represents the effective lattice model of a Weyl metal.
It is expressed as:

Hy =Y "Wl Hy (k) Uy
k

The matrix Hy(k) is a 4 X 4 matrix, detailed as follows [43, 44]:

Hy (k) = &oo @ 10 + hoog @ 7, + (1) sink,) 0, @ 7,
+t'sink, (0, @ 1) — t' sink, (00 ® 7, ) , (2)

where & = —2t;(cosk, + cosk,) — 2t, cosk, — i, h = t] cosk, + M(2 — cosk, — cosk,). o; and 7; are the
identity matrix (i = 0) and Pauli matrices (i = 1,2, 3), respectively, operating in the spin and orbital
channels. The wavevector Wy is defined as: ¥, = (Cyit, Coxt, Cik), Cax) )T

We define the time-reversal operator T and the inversion operator P as: T = io}, ® 7oK (K is the
complex-conjugate operator) and P = 0y ® 7,. The normal state Hamiltonian H, exhibits time-reversal
symmetry with T~'Hy(k)T = Hy(—k).

When ¢!’ = 0, the model also exhibits inversion symmetry: P~ Hy(k)P = Hy(—k), with Dirac nodes at
(0,0,+7/2). The term (.’ sink,)o, ® T, breaks the inversion symmetry, splitting the Dirac nodes into Weyl
nodes [44]. Thus, we adopt an effective model that describes the Weyl system with time-reversal symmetry.
These symmetry behaviors described by this model are in good agreement with the t-PtBi, material [41, 42].

The s-wave pairing symmetry is prevalent in nature and is commonly observed in phonon-mediated
superconductors. It has also been realized in cold-atom systems [45, 46]. Given this ubiquity, it is reasonable
to assume an s-wave pairing symmetry in our study. The interaction term Ha is considered to represent an
attractive interaction within the field. We assume that the interaction strength is the same for both orbitals
and can be expressed as:

Hp = —VZ ISR (3)
li

2
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This attractive interaction can be decoupled into an s-wave superconducting Hamiltonian by defining the
on-site mean-field pairing order parameter Ay; = V{(cj+¢j; ). Consequently, the interaction term can be
rewritten as the superconducting pairing term:

HSC = Z (Aliic};TClTu + H.C.) +
i

Zli A1211
= (4)

To investigate the surface states, we have examined the Hamiltonian under periodic boundary conditions
along the y and z directions, complemented by open boundary conditions in the x direction. The
Hamiltonian is then re-expressed as:

Hy= Z fkyzlaCZixa (kyZ) Cico (kﬂ)

k. li.o
M

-y {h Y 2} [ () 1510 (i) + ]

k. lico
+ Z ot’sink, [CJ{,W (ky2) &2,i0 (Ky2) + h.c.}

k. ixo
+ Z [ yz Qi+1,0 (kyz)

kyzzxa
10 () i () +hc ] 5)

where &y 1o = —2t; cosk, — 2t cosk, — j1 — (—1)"t! cosk, — (—1)lot!’ sink, — (—1)'M(2 — cos k,). Here, o
takes + for spin-up and — for spin-down quasiparticles, respectively.
The superconducting pairing component is reformulated as follows:

A%
_ T Zl x lixiyx
Hsc = 1; [Ahxzx Clit (kyz) Cliy (fkyz) + H.c.} + NN, IV b (6)
yzhlx
where the vector ky, denotes a position in the two-dimensional momentum space, given by k,, = (k,, k).
The Hamiltonian can be diagonalized by solving the Bogoliubov—de Gennes (BdG) equations:
Hiirjp (k Z) Al’JJ )
x x* Ix]x \I/"Z :E \Ij’fz , (7)
Z ( Al’] Jx _Hlixl’]xi ( kJ’Z) Vi i

Vjy

T
with the wavefunction )}, = [uﬁm(kyz) Vi, i(*kyz)} . Here, Hj; ;7. (k,.) represents the normal state intra-
and inter-orbital hopping term, which is obtained from equation (5).

The superconducting order parameter Ay ; is calculated self-consistently:

\% . E, (k,,
Ay = 2NN, Z uZXT (kyz) VZ 1 (—kyz) tanh [M] . (8)

ky.n

In the reduced low-dimensional system, the spectral functions depending on the reduced momentum k,,
and x are obtained as:

1 |1/l2 o (kyz) ‘2
Asio (Kppyw Im | — o X0 ) 9
o () =13 (W_En(kyz)w o
n
The x-dependent LDOS is then expressed as:
sz ZAlle y27 (10)
k.o

In the subsequent results, aligning with the methodology of [44], we have adopted the hopping constant
t' as our energy unit, with # normalized to 1. The remaining parameters are configured as follows:
h=H=0,t=t= ‘[ ,and M = 1. Under these conditions, the Hamiltonian (equation (2)) serves as a
minimum model that descrlbes a Weyl metal maintaining time-reversal symmetry and harboring four Weyl
nodes [44]. Unless stated otherwise, the chemical potential is set at = 0.5, and we incorporate a small value
for the broadening parameter, I = 0.005.
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Figure 1. Intensity plots of normal-state zero-energy spectral functions with open-boundary condition along the x direction
(1 <4y < 100). (a) The spectral function at the system bulk with x = 50. (b) The spectral function in the system surface with
x = 1. (c) The bulk spectral function for the spin-up quasiparticles. (d) The bulk spectral function for the spin-down
quasiparticles.
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Figure 2. Numerical results of superconducting order parameters from self-consistent calculations with the pairing potential
V=6.

3. Results and discussion

We first present our numerical results in the normal state. Considering the open boundary condition along
the x direction and the periodic boundary condition along the y and z directions, the zero-energy spectral
function A;, (ky7 k., w) = 0 in the bulk and at the system surface are shown in figures 1(a) and (b),
respectively. As observed, in the system bulk, there are four Weyl points at the momenta +£Q, and +Q, with
Q, =(0,0,37 /4) and Q, = (0,0, 7 /4). Each Weyl point is surrounded by a Fermi pocket. At the system
surface, the spectra include several disconnected Fermi arcs, indicating the topological features of the system.

The intensity plots of the spectral function in the system bulk for the spin-up and spin-down
quasiparticles are presented in figures 1(c) and (d), respectively. As observed, each Weyl pocket is
spin-polarized; the Weyl pockets surrounding Q; and —Q, are contributed by the spin-up quasiparticles,
while those surrounding Q, and —Q; are contributed by the spin-down ones. This finding is markedly
different from the behavior observed in Weyl metals that possess inversion symmetry and exhibit broken
time-reversal symmetry, where Fermi pocket states demonstrate spin-momentum locking. Such locking
could potentially precipitate the formation of finite-momentum FFLO pairing states [14] or odd-parity
pairing states [15]. The interplay and competition among the FFLO pairing state, the odd-parity BCS state,
and the even-parity BCS state are of significant theoretical and experimental interest. However, based on our
numerical findings in this study, we conclude that the finite-momentum pairing state and the odd-parity
BCS state are not favored in our system.

Now let us study the electronic structure in the superconducting state. First, we obtain the site-dependent
and orbital-dependent superconducting order parameter self-consistently. The numerical results of the order
parameters with different chemical potentials are presented in figure 2. When the chemical potential is zero
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Figure 3. Intensity plots of spectral functions at the system surface in the superconducting state with open-boundary condition
along the x direction (1 < ix < 100).

(1 = 0), the superconducting order parameter is orbital-independent due to the particle-hole symmetry of
the normal state Hamiltonian. As the chemical potential increases, the superconducting order parameter at
the system surface increases slightly and becomes orbital-dependent, with the order parameter for orbital 1
being larger. Notably, for all parameters considered, superconductivity emerges only near the system surfaces.
Away from the system surfaces, the order parameters decrease rapidly to nearly zero. Significantly, for all
parameters under consideration, superconductivity is predominantly manifested near the system surfaces,
while it is absent in the bulk, a phenomenon that aligns well with recent experimental findings [31, 32].

Generally, the magnitudes of the superconducting gaps are determined by the normal state density of
states at the Fermi level. This observation can be understood by examining the normal state electronic
structure at the Fermi energy. In the system bulk, as shown in figure 1(a), the normal state Fermi surface
consists of four Fermi pockets surrounding the Weyl nodes. As previously discussed in [47], the Fermi
pockets in a doped Weyl system are quite small, necessitating a relatively strong pairing interaction to achieve
bulk superconductivity. In contrast, at the system’s surface, as illustrated in figure 1(b), Fermi arcs are
formed, and the zero-energy spectral function along these arcs exhibits significant intensity. Consequently,
the density of states at the Fermi level increases substantially when moving from the bulk to the surface.
Under these conditions, superconductivity tends to emerge at the system’s surface.

As the chemical potential varies, these properties remain qualitatively consistent. In the supplementary
material, we present the numerical results for the zero-energy LDOS and the zero-energy spectral functions
at the system surface for different chemical potentials. As a result, superconductivity predominantly occurs at
the system surfaces for all chemical potentials considered.

The intensity plots of spectral functions in the superconducting state at the system surface, as functions
of the momentum k, and k; at different energies, are presented in figure 3. For all energies considered, the
spectral functions include several disconnected segments. Due to the existence of the superconducting gap,
the zero-energy spectral function is rather small, contributed by the tunneling of bulk states and surface
states at higher energy. As the energy increases, the spectral functions are mainly contributed by the
disconnected surface states.

We now present the numerical results of the LDOS spectra from the system bulk to the surface with
different chemical potentials in figure 4. As observed, at the system surface, the superconducting gap and two
coherence peaks are clearly visible. Note that due to the tunneling of bulk states, the LDOS spectra at the
system surface are not fully gapped and residual low-energy states exist. The gap feature disappears when
moving away from the system surfaces, corresponding to the disappearance of the superconducting gap in
the system bulk, as presented in figure 2.

Our numerical results of the LDOS spectra for Weyl superconductors with time-reversal symmetry are
significantly different from those with inversion symmetry [35]. Specifically, for Weyl superconductors with
preserved inversion symmetry and broken time-reversal symmetry, no coherence peaks emerge at the system
surface. Conversely, for BCS-type pairing states, the LDOS spectra exhibit a zero-energy peak at the system
surface, attributable to the Fermi arc at the system surface [35] (for more details, see the supplemental
material). Our results indicate that the superconducting gap feature and coherence peaks are consistent with
experimental observations [31].

The difference described above can be soundly explained based on the spin texture picture. Schematic
illustrations of the spin texture around the Weyl pockets are presented in figure 5. For the

5



10P Publishing New J. Phys. 27 (2025) 013003 X Bai et al

@)y p=00 1 " loyu=05, ]
surface

0.10 J\/F/ 0.10 ’—//k}_'

S A L N

—— —
= ﬁ
_/——,/’—:’;—’// _/_——//,/
J J
—a| ———————  buk
0.00 4 0.00 - .

-0.5 0.0 0.5 -0.5 0.0 0.5

w w

Figure 4. The LDOS spectra in the superconducting state from the system bulk to the system surface.

Figure 5. Schematic illustrations of the spin texture around the Weyl pockets (a) for the time-reversal-breaking system and (b) for
the time-reversal preserved system.

time-reversal-breaking Weyl system, as shown in figure 5(a), the spin directions are parallel for the two
quasiparticles at points 1 and 1’ or (2 and 2’). As a result, in the superconducting state with BCS-type s-wave
pairing, the quasiparticles at points 1, 1, 2, and 2’ cannot be paired [14]. At the system surface, disconnected
Fermi arcs from 1 to 1’ and from 2 to 2’ exist, leading to the zero-energy peak [35].

In contrast, in our present work, time-reversal symmetry requires that the electronic structures for
spin-up and spin-down quasiparticles at k and —k, respectively, are identical. This symmetry facilitates
pairing across all quasiparticles near the Fermi level in the superconducting state. Therefore, when the
superconducting order parameter is nonzero, all the quasiparticles at the Fermi energy will be paired, leading
to the gap feature and coherence peaks at the system surface. This spin texture also implies that the finite
momentum pairing state and the odd-parity BCS state are not favored, aligning with our numerical
calculations.

4. Summary

This comprehensive theoretical study presents a detailed analysis of the superconducting properties within
Weyl semimetals that exhibit time-reversal symmetry. Our investigation is grounded in the framework of the
BdG equations, which serve as a fundamental tool for understanding the superconducting behavior of these
materials.

Our findings reveal a rich tapestry of superconducting characteristics at the surface of these Weyl
semimetals, characterized by a distinct superconducting gap at the system surface in the LDOS spectra and
obvious superconducting coherence peaks. This discovery is a significant departure from previous theoretical
models. The presence of this gap feature is a direct consequence of the time-reversal symmetry, which plays a
pivotal role in the superconducting state of these materials.

The results of our self-consistent calculations have been instrumental in bridging the gap between
theoretical expectations and experimental observations. Our work aligns with recent experimental findings
that have reported the observation of superconducting coherence peaks at the surface of Weyl semimetals, a
feature that was previously unexplained by theoretical models. Our findings provide a theoretical basis for
these observations, offering a more accurate and nuanced understanding of the superconducting properties
of Weyl semimetals.

In conclusion, our study provides a comprehensive theoretical framework that elucidates the
superconducting characteristics of Weyl semimetals with time-reversal symmetry. Our results highlight the
critical role of time reversal symmetry in determining the superconducting behavior of these materials and
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offer valuable insights that can guide future experimental and theoretical investigations in the field of
topological superconductivity.
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