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Josephson signatures of Weyl node creation and annihilation in irradiated Dirac semimetals
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Weyl node creation and annihilation are unique topological phenomena associated with Weyl fermions.
Besides the magnetic field, high-frequency illumination can also break the time-reversal symmetry and induce
the creation and annihilation of Weyl nodes from a Dirac semimetal. Experimentally, the Weyl node creation
and annihilation induced by a magnetic field have been verified by the signature of negative magnetoresistance.
In this work, instead of magnetoresistance signatures by application of a magnetic field, we theoretically study
the Josephson signatures of Weyl node creation and annihilation in irradiated Dirac semimetals. It is found that
Weyl node creation is accompanied by a two-mode oscillation and O-r transitions in the Josephson current.
We further illustrate that two oscillation modes stem from two Andreev reflection processes: opposite-chirality
and equal-chirality Andreev reflections, respectively. With Weyl node annihilation, the Josephson current is
first shut down and then recovered by the activation of spin-flipping at interfaces by two ferromagnets. The
recovered anomalous Josephson current has an arbitrary and tunable ground-state phase difference, other than 0
and . These predictions are helpful for experimental observation of illumination-induced Weyl node creation

and annihilation.

DOI: 10.1103/PhysRevB.100.115414

I. INTRODUCTION

Recently, with the achievement of discovering and utiliz-
ing topological systems such as graphene [1-3] and topo-
logical insulators [4-7], Dirac semimetals (DSMs) [8-15]
and Weyl semimetals (WSMs) [16-19] have gained in-
creasing interest and attention. Their unusual transport
phenomena [12,16,20-23] all result from the nature of
Dirac/Weyl quasiparticles in their band structures, which
disperse linearly along all three momentum directions. It is
well known that a fourfold degenerate Dirac point is com-
posed of two double-degenerate Weyl points with opposite
chiralities. A time reversal (TR)-breaking perturbation, such
as a magnetic field, is able to split two spin subbands so as to
create a pair of Weyl nodes from each Dirac node [24].

The creation and annihilation of Weyl nodes are unique
properties of WSMs. Experimentally, in DSMs, the obser-
vation of negative magnetoresistance confirms the creation
of Weyl nodes under a magnetic field [25-27]. Such a neg-
ative magnetoresistance serves as a characteristic transport
signature of WSMs and is a direct result of a chiral anomaly
[23] which is caused by charge pumping between a pair of
Weyl nodes under parallel electric and magnetic fields. These
observations as well as the recently discovered breakdown
of a chiral anomaly [28-32] in a high magnetic field are
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the magnetotransport signatures of Weyl node creation and
annihilation.

Instead of the application of a magnetic field, Weyl nodes
in DSMs can be created by high-frequency illumination.
Actually, through Floquet theory [33,34], a Floquet-Weyl
semimetal (FWSM) can be realized and the positions of Weyl
nodes in momentum space can be shifted in irradiated sys-
tems [34-41], including three-dimensional (3D) topological
insulators [34], nodal-line semimetals [35-38], and DSMs
(see Fig. 2) [35,36,39,40]. Furthermore, with a high driving
amplitude, Weyl node annihilation has also been predicted
in irradiated DSMs [40]. It is demonstrated that a system
possesses a so-called spin-polarized Weyl semimetal (SP-
WSM) phase, where one pair of Weyl nodes with one spin
is annihilated first, with the remaining pair of Weyl nodes
having opposite spin. For a higher driving amplitude, the
remaining pair of Weyl nodes can also be annihilated. The
interaction between light and matter provides us another path
to the efficient creation and annihilation Weyl nodes in 3D
materials.

In this paper, to observe such illumination-induced Weyl
node creation and annihilation in transport experiments, we
theoretically investigate the Josephson signatures in irradiated
DSMs, instead of magnetoresistance signals caused by an
external magnetic field. Previously, there have been extensive
theoretical and experimental efforts focusing on the interplay
between superconductors (SCs) and DSMs or WSMs [42-59].
It has been indicated that the Josephson current oscillates as
a result of a change in the distance between two paired Weyl
nodes, which is tunable by linearly polarized light [42-44].
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The origin is that only an equal-chirality Andreev reflection
(AR) is permitted at the interface between a magnetic WSM
and an s-wave SC because of the opposite-spin pairing, which
endows the Cooper pair in the WSM with an extra net momen-
tum. The chirality blockage of the AR in a magnetic WSM
has also been predicted when the magnetization lies in the
plane of the WSM-SC interface [45]. However, the Josephson
signal of Weyl node creation and annihilation has rarely been
studied yet. We study the Josephson effect in a DSM where
Floquet-Weyl nodes are created, shifted, and annihilated by
high-frequency circularly polarized light. It is found that the
creation of Weyl nodes due to spin splitting leads to two-mode
oscillations and O-r transitions in the Josephson current. We
further illustrate that two oscillation modes stem from two
AR processes, opposite-chirality and equal-chirality Andreev
reflections, respectively. When right-handed (left-handed) cir-
cularly polarized light is applied, the spin-up (spin-down) pair
of Weyl nodes is first annihilated with an increasing light
amplitude. In this SPWSM phase, the Josephson current is
shut down because the opposite-spin AR is forbidden. If the
spin-flipping process is activated at SPWSM-SC interfaces
by two ferromagnets (FMs), the Josephson current can be
recovered. The current-phase relation can have an arbitrary
ground-state phase difference [60—65], other than 0 and . It
is tunable by the angle between the magnetization orientations
of two FMs. When the second pair of Weyl nodes is also
annihilated by the higher amplitude of the driving field, the
Josephson current is totally shut down.

This paper is organized as follows. The tight-binding
model Hamiltonian of DSMs with illumination as well as the
method for calculating the Josephson current and Andreev
bound states (ABSs) is introduced in Sec. II. Our main numer-
ical results for Josephson signals and related discussion are
given in Sec. III, including the two-mode oscillation and 0-
phase transition accompanying Weyl node creation and the
anomalous Josephson effect accompanying the annihilation
of the first pair of Weyl nodes. A brief summary is given in
Sec. IV.

II. MODEL AND FORMALISM

The relevant setup, as depicted in Fig. 1, consists of a light-
dressed DSM sandwiched by two FMs and then two s-wave
SC leads which are characterized by different macroscopic
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FIG. 1. The Josephson junction of an irradiated DSM of length
L, sandwiched by two ferromagnets (F,—;,) of length L, and two
s-wave SCs characterized by macroscopic phases labeled ¢j— k.
Parallel red arrows denote incident light in the x-z plane with the
azimuth angle 8 measured from the z axis.

TABLE 1. Parameters for Cd;As, from the ab initio calculation
[24].

A 0.889 ¢V A
G —0.0145 eV
C. 10.59 eV A’
C =C, 1156V A’
Mo ~0.0205 eV
M, —18.77eV A’
M, = M, —135ev A’

phases ¢ ,z. We begin with the low-energy effective Hamil-
tonian of a DSM around the I point in the basis {|S;—/2, J; =
1/2),1P3s2,3/2), 1812, —1/2), |P3j2, —=3/2)},

_ (Hi (k) 0
H(k)_< +0 H(k)>, (1)

where H, (k) = eo(k)To + A(ckcT, — kyT)) + M(k)T,, With
eok) =Co+> i, .. Cik? and M(k) =My — Y, Mk?. ©o
and 7y, . are the unit matrix and Pauli matrices for the orbital
degree of freedom, while o0 = +/— denotes spin-up/spin-
down subbands. This Hamiltonian is valid for Cd;As; and
Na3Bi. In this work, we take Cd3;As, as an example and the
parameters from the ab initio calculation are listed in Table I
[24]. By solving the Hamiltonian, we can find two Dirac
nodes located at Kp = (0,0, =/My/M;) in the spectrum
as depicted in Fig. 2(a). To calculate the Josephson current
using the lattice Green’s function technique, we rewrite this
Hamiltonian as a tight-binding one in the cubic lattice by
substituting k; and ki2 with ai_l sin k;a; and 2‘1;_2(1 — cos k;a;),
respectively, where a; are the lattice constants in the i direction
and they are settobe ay = a, = a, = a =20 A [47].

As has been reported, abundant phases can be real-
ized in periodically driven DSMs by high-frequency light
[35,36,40,41]. A driving field in the x-z plane can be written
as a time-dependent vector potential,

A(t) = (A coswty, Ay sin(wt; + @), A coswty),  (2)

with the components A, = (Eg/w)cos6, A, = Ey/w, and
A, = —(Ey/w)sin6. Here Ej is the strength of the electric
component of the electromagnetic wave whose frequency is
w, 0 is the azimuth angle measured from the z axis, and
¢ represents light polarization. ¢ =0 (;r) corresponds to
right-handed (left-handed) circularly polarized light, and ¢ =
4 /2 to linearly polarized light. In the presence of illumi-
nation, the irradiated system is described in terms of a time-
dependent Hamiltonian H (k,t;) by the Peierls substitution,
k — k + eA(t;)/h. Hereafter, we use natural units with 7 =
1 =e and Ay = eEy(hiw)™" to renormalize the amplitude of
the driving field. In the high-frequency limit, where the energy
of incident photon /iw is much higher than other characteristic
energy scales in the system, an effective Hamiltonian takes the
form [33,34]

H, ,(k),H_,(k A1
He ) = Hotle) + 3 Hen®- HonO) 0(—), 3)

2
nw w
n>0
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FIG. 2. (a—d) Band structures of an DSM irradiated by a right-
handed circularly polarized light with various driving amplitudes:
Ag =0 (a), Ag =0.035A7" (b), Ag=0.0395A" (c), and Ay =
0.042 A~ (d). (e) Schematic of opposite- and equal-chirality ARs
in the FWSM phase with a chemical potential ©p where the solid
(dashed) violet arrow denotes the opposite-chirality AR from spin-
down (spin-up) electrons to spin-up (spin-down) holes, while the
solid and dashed black arrows represent the equal-chirality ARs. The
labels &1 in (e) represent the chirality of Weyl nodes, i.e., x{ = %o
In (a)-(e), spin-up (spin-down) subbands are plotted by blue (red)
lines.

where H,(k) =% —TIT/iz dtyH(k, t;)e™ " are the Fourier

components of the time-dependent Hamiltonian with period
T; =2 /w. After some algebra, the light-dressed effective
tight-binding Hamiltonian is

H'(k) = (H*o(k) H’O(k)>,

with H! (k) = Hy (k) + Hy. (k). The first term is
Hy . (k) = &0 + My, + oA, sink.at, — Ay sinkyat,, (5)
|

“

which has a form similar to that of H,,, but with light-dressed
parameters:

& = Co+2a2 Z Gi[1 — Jo(A;a) cos kial,

M, = My —2a~> ZMi[l — Jo(Aia) cos kial,
Aviyy = Jo(Axya)Aa. ©6)
The second term is

H , (k) = A't, cos kyasin kya — oAty cos kea sin kya

+ oMt cos kea cos kya + £ T, cos kya sink,a,

(7
with
A’ = 8J,(Ava) i (Aya)(wa®) ' AM, cos ¢,
¢ = 8J1(Aya)Ji(A.a)(wa’)'AM, cos ¢,
M| = 41, (Ara)i (Aya)(wa®) ' A% cos ¢, ®)

where J,(x) is the nth-order Bessel function and the terms
Ju=1(x) have been neglected due to the high-frequency ap-
proximation.

By applying a right-handed/left-handed circularly polar-
ized light with a nonzero M/, the TR symmetry is bro-
ken and the system enters a FWSM phase upon the split-
ting of each Dirac node into a pair of Floquet-Weyl nodes
[40]. In the limit of & — 0, the light-dressed band struc-
ture holds two pairs of Floquet-Weyl nodes, located at
Ky, = (0,0, £k ), as shown in Figs. 2(a)-2(d), with k§ =
a~"arccos {[Za’zMzJO(Aza)]_l(Mo +oM})}and My = My +
2a*M,Jo(Aca) + 2a>MyJo(Aya) —2a™% Y, M;. Tt is also
noticeable that the chiralities of Floquet-Weyl nodes are
locked with spin, i.e., xJ = %o, as shown in Fig. 2(e). With
increasing driving amplitude, one pair of Floquet-Weyl nodes
with one spin is first annihilated. The remaining pair of Weyl
nodes with the other spin forms an SPWSM phase. When 6 #
0, the locations of Floquet-Weyl nodes will slightly deviate
from the k, axis due to a nonzero ¢ but the deviation is much
smaller than the splitting along the &, axis [40].

To study the transport signature of Weyl node creation
and annihilation, a Josephson junction mediated by an ir-
radiated DSM is investigated, as shown in Fig. 1. Because
the junction is translationally invariant along the x and y
directions, we only discretize the system along the z direction
to use the lattice Green’s function technique for calculation
of the Josephson current [46]. The discretized Bogoliubov—de
Gennes Hamiltonian in the DSM region takes the form

_ § 4 hp(ky) + hy (k) — pup 0 ) bik,
Hp = Z(@,k” ¢z,k)( 0 —h(—ky) — It (—ky) + o ¢Z_k”

l',kH

. 0
+ Z |:(¢iT,k qb"vk)(o _f*><

ik

>

¢

is1,
LA ) i Hc:| ©)
i+1,—k;
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where i is the site index along the z direction,
]T

ik, =
[cistkys Ci.Pyky» CiiS)kys CiPL k1T 1s the field operator in the
DSM,. with Ci S(PYI () Ky (Cil,S(P)Tw),ku)_ being the anflihilatilon
(creation) operator of the S (P) orbit electron at site i with
spin 1 () and parallel momentum k; = (k,, k,), up is the

chemical potential, and the matrix components are

_ (Ho(k; = /2a) 0
holky) = ( " Ho, (k. = n/za)>’
hy(ky) = <HL’+(]§ =0 H, (,? - 0)>, (10)
and

f, = oolJo(A:a)(C.1o — M T,) + it 2 cos(kya)r],  (11)

where o( and o are the unit matrix and the Pauli matrices in
spin space, respectively.
The SC leads are described by the Hamiltonian as

_ t hs(k))oo eviAioy '
Hs = ;{:wi,ku <_e—iw,Ai0y _h;(_ku)oo w:,ku
Joiky
i CCH I H 12
+ 2 Vo igy Vi HHe | (2)
Jiky

where ¥k, = [Cip ks Ci,J oy CITﬁkH, c;lﬁk”]T is the field op-
erator in SC leads, hs(k|) = —us — 2t ), coska, with
ws the chemical potential, j = L(R) denoting the left (right)
SC lead with the macroscopic phase ¢;, and nearest-neighbor
hopping ¢. Similarly, the FMs are described by

+ [(hr(k)) 0
HF = Z v’i,k|< FO I _h:ﬂ(—k“)>l/jl,k

Oé,l',kH

+ Z [W,Tk (tgo

a,ik

_?UO) Vivrs, + Hc} (13)

where  hp(k)) = hs(k))op+hy -0 and o« is the
index counting two FMs. The exchange field h, =
hoy (81N B,y COS @y, SIN B,y SIN @y, COS Bp)  With  strength
ho, and magnetization orientation (6,4, @ )-

The coupling between the DSM and two FMs is

He =) 1@y, biihethis, +Hel,  (14)

ik

where h. = v, ® 09 ® (1, t,,)T is an 8 x 4 matrix, with v, be-
ing the third Pauli matrix in electron-hole space. The hopping
energies for s- and p-orbital electrons are denoted #, and 7,
respectively. For simplicity, we assume f; = ¢, = ¢, which can
be controlled by barriers in experiments [68]. Our numerical
results verify that the Josephson current is not sensitive to
modest differences between #, and #,. The coupling between
FMs and SC leads is the same with the nearest-neighbor
hopping matrix in FMs and SC leads Hgs = tv, ® 0p.

Thus, the whole Josephson junction is captured by
the Hamiltonian H = Hp + Hr + Hs + H¢ + Hgs. Using the
lattice Green’s function technique, the Josephson current
through column / in the driven DSM region for a given k|

is calculated by [46]

1 [ .
Jky) = E/ Tr(T,'eGy,_ (k) — eT.G | ,(kDIAE, (15)

o0
where T, = (l(; _(}_*) and é = —ev, 00Ty is the charge matrix.
At equilibrium, the lesser-than Green’s function is calculated
by G= = f(E)[G* — G"], where f(E) is the Fermi-Dirac dis-
tribution function. The retarded (advanced) Green’s function
G"@ reads

1
G'(E)=[G“E)' = ’
)= 1CEN = 5 5 5D

(16)
where H; is the Hamiltonian of the whole device region
including the DSM and two FMs, and the retarded self-energy
X1 r(E) representing the coupling with the left/right SC
lead can be calculated numerically by the recursive method
[66,67]. Finally, the total Josephson current is given by I =
2k, I (ky).

In addition, to understand the behavior of the Josephson
current, one can calculate ABS spectra through the Green’s
function technique numerically. The energies of ABS levels
can be located by searching the peaks of particle density
within the SC gap at column / (1 </ < L),

1 r
o= —;Im[TrGU], a7

at a given phase difference ¢ = g — ¢r.

III. RESULTS AND DISCUSSION

A. Weyl node creation

In this section, we present the numerical results for the
band structure of an irradiated DSM and the Josephson current
through the junction. In the numerical calculation, we use the
parameters for Cd3As, mentioned above but set Cp .y, =0
to ignore the energy shift of Dirac/Weyl points caused by the
driving field. This is reasonable because Cy . . do not change
the location of Weyl nodes and the energy shift of the Weyl
nodes can be compensated by the self-tuning of the chemical
potential up. We consider a junction of considerable sizes
along the x and y directions and choose a chemical potential
moderately far from the Dirac points to ignore the effect of
Fermi arc surface states. It is also noticeable that Fermi arc
surface states are dispersionless along the k, direction. This
means that the surface states make no contribution to the
transport when the junction is along the z direction.

For SC leads, the zero-temperature superconducting gap is
Ay =1/500 = 0.135 meV, and the gap at a finite temperature
T is A = Agtanh(1.74/T./T — 1), where T, is the critical
temperature. In our calculations, the chemical potential is the
same in both SC leads and FMs, us = —4.4¢. The nearest-
neighbor hopping ¢ = [2M,a~?| is the same as the transverse
hopping in the DSM, for simplicity. We argue that the detailed
parameters in SC leads should not change the supercurrent
qualitatively, which should be mainly determined by the posi-
tions of Weyl nodes and have been verified by the numerical
results. To ensure that the high-frequency limit is a good
approximation, the energy of the incident photon is set to be
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FIG. 3. The Josephson current at ¢ = /2 as a function of the
driving amplitude of (a) a right-handed circularly polarized light or
(b) a linearly polarized light. In units of /, S is the cross-section area
of the junction in the x-y plane. The temperature is 7 = 0.57, and
the chemical potential is up = 5A¢. L = L, = 0. Insets: Decay of
the current around A{ ~ 0.039 A" and AS ~0.041 AT

hw = 1.5 eV, which is much higher than the characteristic
energy of electrons.

Figures 2(a)-2(d) show the band structures of an irradiated
DSM with various amplitudes of the circularly polarized driv-
ing field with 6 = 0 = ¢. With an increasing driving ampli-
tude, the evolution of the band structure clearly manifests the
creation and annihilation of Weyl nodes from the DSM. Two
critical values of the driving amplitude for Weyl node annihi-

lation should be noted: A¢ ~ 0.039 A~ and AS ~ 0.041 A™ .
The system is an FWSM for 0 < Ay < A{, an SPWSM for
A{ < Ap < A§, and a normal insulator (NI) for A§ < Ay. All
the parameters are accessible in current experiments [69-71].

In the following, we consider only the limit case with 6 —
0 in the calculation of the Josephson current. This means that
only the light incident from the z direction is considered. We
argue that the light incident from the x (y) direction causes
only a much smaller shift of Weyl nodes in the k, (k,) direction
[40] and has little effect on the Josephson current.

We first check the Josephson signature of Weyl node cre-
ation. For this purpose, two FMs are not necessary and we set
L, = L, = 0. Figure 3(a) plots the Josephson current at ¢ =
7 /2 through an irradiated DSM by a right-handed circularly
polarized light as a function of the amplitude of the driving
field. Note that the current at ¢ = /2 is approximately
equivalent to the critical current for the temperature 7' =
0.57,, where the current-phase relation is nearly sinusoidal
as shown in Fig. 5(a). With increasing driving amplitude, the
current exhibits a two-mode near-periodic oscillation. It is
noticeable that the long-period mode oscillation even reverses
the Josephson current and induces a O-7 transition. This 0-7

transition is attributed to spin-splitting-induced Weyl node
creation as discussed below. In contrast, the 0-7r transition is
absent in the case of linearly polarized light [see Fig. 3(b)],
where Weyl node creation is also absent due to the preserved
TR symmetry. But the short-period mode oscillation remains
due to the shift of Dirac nodes in the irradiated DSM by
a linearly polarized light. Besides, as shown in the inset in
Fig. 3, the Josephson current for the circularly polarized light
vanishes when Ay > A{, where the pair of spin-up Weyl nodes
is annihilated and the DSM becomes an SPWSM such that
the spin-flip AR is not possible. But the Josephson current
for the linearly polarized light is maintained until Ay > A§
where the system is gapped.

To understand the two-mode oscillation and 0-7 transi-
tions, we consider the ARs at the DSM-SC interface. For a
fixed chemical potential up, the four positive wave vectors in
the band structure of the DSM are

My +o M)+ n
—2Jo(Aa)a2 M. ] ’
where o denotes the spin and the sign + (—) denotes the
right-going (left-going) wave. As sketched in Fig. 2(e), both
opposite-chirality ARs and equal-chirality ARs can occur
at the interface. The (equal-chirality) opposite-chirality ARs
make a Cooper pair of two electrons from two Weyl nodes
with (equal) opposite chiralities. For the opposite-chirality
AR, the net momentum of the Cooper pair is nearly :I:(kg +
ké ), which induces a phase shift j:(kg + ké )L in the current-
phase relation. For the equal-chirality AR, the net momentum
of the Cooper pair is nearly d:(kg - ké ), which induces a

phase shift :I:(kg - ké )L. Thus, the total Josephson current
can be written as

J = [c1 cos(k] 4 k)L + ¢z cos(k] — k})L]sing,  (19)

(18)

k¥ = a " arccos [

where the amplitudes ¢; and ¢, depend on the probabilities of
two kinds of ARs. This expression can well explain the two-
mode oscillation and 0-7 transitions in the case of circularly
polarized light. For the linearly polarized light, spin splitting
and Weyl node creation are absent, i.e., kg = kg , thus the
long-period oscillation vanishes and only the short-period
oscillation remains. The O-7 transition is also absent due to
the fact that ¢; & ¢,. Therefore, we can consider the two-mode
oscillation and 0-7 transitions to be the Josephson signatures
of Weyl node creation in irradiated DSMs.

To numerically verify the validity of Eq. (19), we plot
the Josephson current at ¢ = /2 as the function of the
length L in Fig. 4(a) for the situation of circularly polarized
light. The two-mode periodic oscillation with increasing L is
clearly exhibited in the current. The corresponding Fourier
frequency spectrum shown in Fig. 4(b) also confirms two
typical frequencies. The lower frequency agrees exactly with
the momentum of the Cooper pair formed by equal-chirality
ARs, 8k, = |k — k]| ~ |k{ — kg, as shown in Fig. 4(c).
Similarly, the higher frequency agrees with the momentum of
the Cooper pair formed by opposite-chirality ARs, dk; 1(}) =

Ikf ), + k| ~ Ik} + k. Finally, the 0-7 transitions with
increasing driving amplitude are also confirmed by both the
current-phase relation and the ABS levels shown in Figs. 5(a)

and 5(b).
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FIG. 4. (a) The Josephson current at ¢ = 7 /2 as a function of
the length L for two fixed driving amplitudes. (b) The corresponding
Fourier frequency spectrum. (c) The net momenta of Cooper pairs
formed by equal- and opposite-chirality ARs sketched in Fig. 2(e).
The temperature is 7 = 0.17, and the other parameters are the same
as in Fig. 3.

B. Weyl node annihilation
When the driving amplitude increases up to the region
A{ < Ay < AS, the pair of spin-up Weyl nodes is annihilated
and the DSM enters an SPWSM phase. The Josephson current

(@

(V)]

A, (107A)
—0 —200
——2.77 ——3.54

1
W

1 (102 SaeA/h)
[w]

E/A

FIG. 5. The current-phase relation of (a) the Josephson current
and (b,c) the Andreev bound states at various driving amplitudes.
Other parameters are the same as in Fig. 3.
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-1
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(b) @p=-1/2 (©) Pp= 2
- oy
<
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- -
'10 1 2 1 2
o/n o/m

FIG. 6. (a) The current-phase relation of the Josephson junction
with various relative magnetization angles ¢, = @2 — @1, Which
change from —m/2 to m/2 with a step of 7/4 when two FM
layers are activated. (b, ¢) The Andreev bound states for ¢, =
—m/2 (b) and ¢, = 7/2 (¢). 0yy = O = 7/2 and @,,; = 0. hg, =
hp, = 0.05¢ and L, = L, = 29a. The driving amplitude is Ay =
0.0395 Afl, which means that the DSM is in an SPWSM phase.
L = 150a, up = 2Ay, and other parameters are the same as in Fig. 3.

vanishes in the absence of two FMs since the opposite-spin
AR is forbidden. When two FMs are activated, the Josephson
current can be recovered due to the spin flipping or spin
precession by two FMs. To precess the spin, we set 6,,) =
02 = /2. The current is maximum when the precession
angle is /2 in a single trip and thus 7 in a round trip. The
precession angle in the oth FM is evaluated by (ky+ — ko— )Ly,
where k.4 (k,—) is the wave vector of the electron or hole
with spin parallel (antiparallel) to the spin quantization axis of
the FM.

Figure 6(a) plots the current-phase relation for various
relative magnetization angles ¢, = ¢,» — ¢,,1 When two
FM layers are activated. With parameters hg; = ho, = 0.05¢
and L; = L, = 29a, we have the precession angle (k4 —
koy—)Ly =~ /2 for both FMs. The current-phase relations
exhibit an anomalous phase shift —m-¢,, compared with a
sinusoidal one, which is similar to the situation of an anoma-
lous Josephson current through a noncoplanar ferromagnetic
trilayer [60]. This anomalous Josephson effect stems from
the broken symmetries including both the TR and the spin
rotation or chiral symmetry [61]. Figures 6(b) and 6(c) show
the ABSs for ¢,, = —m /2 and 7 /2, respectively. The ABSs
clearly confirm the phase shift and are consistent with the
corresponding current-phase relations. Thus it can be seen that
the unique SPWSM phase in an irradiated DSM provides a
platform for engineering an anomalous Josephson ¢, junction
with a tunable ground-state phase difference. When the driv-
ing amplitude exceeds AS, the remaining pair of spin-down
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Weyl nodes will also be annihilated and the DSM enters a
normal insulator phase. The Josephson current will be totally
blocked.

C. Discussion

Although we consider only the limit case with 8 — 0 in
the calculation of Josephson current, the results are still valid
for an arbitrary incident direction of light. This is because the
light incident from the x (y) direction causes only a much
smaller shift of Weyl nodes in the k. (k,) direction [40] and
has no effect on the Josephson current when the transport is
along the z direction. Experimentally, we can use a light with
a small incident angle 8. An inclined incident light can be
controlled to shine only on the DSM region, without any side
effect on the SC leads or FMs. It is better to modulate the
chemical potential of the DSM moderately far from the Dirac
points, which ensures that the bulk states make a dominant
contribution over the Fermi arc surface states.

Another experimental concern is about the transport di-
rection of the junction. It is difficult to fabricate a junction
precisely aligning the z direction which connects the Dirac
nodes. We argue that the main results for two-mode oscil-
lations and O-7 transitions of a supercurrent can be easily
generalized to the case of arbitrary transport direction. The
0-7 transitions come from the illumination-induced splitting
of Weyl nodes. And two oscillation periods are determined
by the positions of Weyl nodes in the transport direction.
Both two-mode oscillations and 0-7 transitions will be qual-
itatively unchanged when the transport direction deviates
from the z direction. But two oscillation periods will change
and depend on the positions of Weyl nodes in the transport
direction.

For the driving field, although Af , are close, the corre-

sponding light intensities [_, , = ceo(Ef )?/2 are experimen-

tally distinguishable, where c is the speed of light, € is the
dielectric constant, and Ef = hwA¢ /e is the strength of the
electric component of the electromagnetic wave correspond-
ing to Aj. For CdsAs,, the critical light intensities for A , are
If ~2.27 x 10 W/m? and I§ ~ 2.45 x 10'* W/m?, which
should be experimentally distinguishable [69-71].

IV. SUMMARY

In summary, we propose to observe the behavior of Weyl
node creation and annihilation in irradiated DSMs through the
Josephson signal. It is predicted that as a result of opposite-
chirality ARs and equal-chirality ARs, a two-mode oscillation
and 0-7 transitions will be detected in the Josephson current
when Weyl nodes are created by illumination-induced spin
splitting. With the annihilation of one pair of Weyl nodes,
the Josephson current through the SPWSM is first shut down
and then recovered when two FMs at interfaces are activated.
This SPWSM provides a platform for engineering anoma-
lous Josephson ¢y junctions with tunable ground-state phase
differences. These predictions provide Josephson signatures
of illumination-induced Weyl node creation and annihilation.
The findings of 0-m transitions and anomalous ¢, junctions
also reveal new potentials in the application of superconduct-
ing devices based on DSMs.
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