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The influence of the off-resonant circularly polarized light on the Josephson current in the time-reversal broken super-
conducting Weyl semimetal junctions is investigated by using the Bogoliubov—de Gennes equation and the transfer matrix
approach. Both the zero momentum BCS pairing states and the finite momentum Fulde—Ferrell-Larkin—Ovchinnikov
(FFLO) pairing states are considered for the Weyl superconductors. When a circularly polarized light is applied, it is shown
that the current phase relation remains unchanged for the BCS pairing with the increasing of incident radiation intensity
Ag. For FFLO pairing, the Josephson current exhibits the 0—7 transition and periodic oscillation as a function of Ag. The
dependence of free energy and critical current on Ag are also investigated.
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1. Introduction

The Weyl semimetal is a three-dimensional topological
material, where the conduction band and the valance band
touch each other at two or more Weyl nodes and the paired
Weyl nodes are connected by the unusual Fermi arcs.!!~7! The
low-energy physics of the electrons around the Weyl node can
be effectively described by the Weyl equation. Due to the no-
go theorem, ¥ the Weyl nodes always come in pairs with op-
posite chiralities. In order to realize the Weyl semimetal phase,
the time reversal symmetry or the inversion symmetry are re-
quired to be broken.[*-!!]

There are many interesting properties of the Weyl
semimetals, such as the negative magnetoressitance,!'?! the
chiral anomaly,['®! and the anomalous Hall effect.!!*!5] The
superconducting pairing mechanism in the Weyl semimetals
has also attracted much attention.!'®2%1 Two competing pair-
ing states have been proposed, i.e., the internode BCS pairing
and the intranode Fulde—Ferrell-Larkin—Ovchinnikov (FFLO)
pairing. The internode pairing combines two electrons from
two Weyl cones of opposite chiralities and leads to the Cooper
pair with zero-momentum. The intanode pairing combines
two electrons from the same Weyl cone and leads to the
Cooper pair with a finite momentum. It still remains a the-
oretical controversy that which pairing mechanism is favored
in energy.[!7-20]

Josephson current can be an effective method to probe the

=31 Recently, there are

superconducting pairing mechanism. [>!
several works focus on the Josephson effect and superconduct-

ing pairing mechanisms based on Weyl semimetal supercon-
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ductor heterostructures. The influence of the chiral anomaly
induced chiral charge imbalance on the Josephson current in a
Weyl superconductor—Weyl semimetal-Weyl superconductor
junction has been theoretically studied. 3! For BCS-like pair-
ing, it has been predicted that the Josephson current exhibits
0-m transitions and oscillates as a function of chirality imbal-
ance. It has also been predicted®?! that inversion symmetric
tilt will induce O-7 transition and Josephson ¢ junction in
BCS-like pairing.

In this paper, we investigate the dc Josephson current
in the time-reversal broken superconducting Weyl semimetal
junctions. A circularly polarized light is applied in the normal
region of the junction and leads to an additional momentum
shift to the electrons at the Fermi level. The momentum shifts
are opposite for the electrons of the opposite chiralities. As a
result, it is shown that the current phase relation remains un-
changed for the BCS pairing and exhibits the O—7x transition
for the FFLO pairing, respectively. The different signals of
the Josephson currents in the optical field may obtain a way to
distinguish between the internode and intranode pairing cases.

The rest of this paper is organized as follows: our model
is described in Section 2. The Andreev bound states and the
Josephson current are obtained analytically in Section 3. The
numerical results of the Josephson current are discussed in Se-
tion 4. Finally, our results are briefly concluded in Section 5.

2. Model

The time-reversal broken Weyl semimetal junction un-
der consideration is a normal Weyl semimetal sandwiched be-
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tween two superconducing Weyl semimetal leads, as shown in
Fig. 1(a). The junction is along the z axis and the width of the
normal segment is d. There are at least one pair of Weyl nodes,
namely P, = + Py, located in the momentum space. The line
connecting P, (axis e3) is assumed in the x—z plane but has an
angle 3 with the z axis, as shown in Fig. 1(b).

(a) TA
/

Fig. 1. (a) Schematic diagram of the Josephson junction. An irradiated Weyl
semimetal with the incident light denoted by red arrows is sandwiched be-
tween two superconducting Weyl semimetals. The interfaces are at z = 0 and
z = d, respectively. (b) The illustration of the x—z coordinates and the e;—e3
coordinates. The line connecting two Weyl nodes (the e3 axis) is rotated from
the z axis by an angle 3. The direction of the optical field is measured from
the z axis by an azimuth angle x.

The minimal model of the Weyl semimetal without op-
tical field is described by an effective two-band Hamiltonian,

which is written in the e;—e3 coordinates as[?3]

H= Z Zl},chqHT(q)lIITQ7
T=% q

H.(q) = hve(q101 4+ q20, F q303) — I, (1)

where T = % denotes the chirality of two Weyl nodes, q is the
momentum measured from the Weyl node, v is the Fermi ve-

locity, o is the Pauli matrix, and ‘Pfq = ( T ) is the

+
“t1atlq
field operator of the electrons.

An incident light in x—z plane can be expressed by its vec-

tor potential
A(t) = (A, cos(wt),Aysin(wt + §),A; cos(wr)) 2)

with Ay = Epcos x,Ay = Ey,A; = —Epsiny where ® and Ey
are the frequency and the amplitude of the optical field, respec-
tively, x is the the azimuth angle between the incident light
and the z axis, 0 represents light polarization and 6 = 0 (7)
represents the right (left)-hand circularly polarized light. In
the presence of optical light, the time-dependent Hamilto-
nian can be described by Peierls substitution H(q,7) = H(q +
eA(t)/h). Here we focus on the high driving frequency @

greater than the static energy bandwidth, so that an effective

Hamiltonian reads3+38!

Harla) = o)+ L, o (L))

n>0

where Hy,(q) = %ffﬁz dtH(g,t)e "® is the Fourier com-
ponent of the time-dependent Hamiltonian with period T =
2n/®m. We define a rotation matrix to associate the x—z coor-

dinates with the e;—e3 coordinates, which reads

cosf 0 —sinf
R= 0 1 0 ,
sinB 0 cosf

(91,92,43)" = R(qx.0y.4:)"
(61;6270-3)T :R\<O'x,0'y,O-Z)T. (4)

The full time-dependent Hamiltonian can be expressed as

Hy(q,1) = Hi(q)+V+(0),
Vi(t) = evgEp(coswtcos(f — x)o1

Fcoswrsin(f — x)o3 + sin(wt + 0)0c2). (5)

By using the Floquet theory, the effective Hamiltonian of irra-
diated Weyl semimetal can be described as

H"(q) = hve[(q1 FAocos 8sin(B — %)) o1 +q20,
F (g3 £ Apcosbcos(f—x))os] —u (6)

with Ag = vg ezEg /I being the circularly polarized light in-
tensity which is only introduced in the normal region of the
junction. For simplicity, we only consider the right-hand cir-
cularly polarized light (8§ = 0) below and we also adopt the
units ive = 1 so that both the wave vector and the Ay have
the dimensionality of the energy. Due to the optical field, an
electron with a given energy acquires an additional momen-
tum shift which are opposite for electrons in the P, and those
in the P_ cones.

In the superconducting region, both the internode BCS
pairing term and the intranode FFLO pairing term are consid-
ered, which can be expressed as

B P
Hpair = ZAOCT,T,qC—T.i,—q +h.c.,
q,7T
F ] T
HEY = ZAOCLM% g the., @)
q,7T

where Ag is the pair potential. With the help of ¢ =
—1V — P., Hamilton (6) can be written in the spatial
space. In the Nambu basis [y;(7), v (r), l//f(r),fllli(r)]T,

the Bogoliubov—de Gennes (BdG) Hamilton reads
e HS(—iV — Py) A
B A —TH(—iV 4+ P)T ')’
AO eiZiPO-T

HE— H:lesz(_iVZFPO) ‘ ®)
F ~TH"(—iVFP)T ')’

Ag eIZiPO-r
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where T =
the operator of complex conjugation.

i0,/C is the time-reversal operator with IC being

For the convenience of the calculation, one can employ a
unitary transformation3°! on Hamiltonian (8) and get

. _ H,(Ag) — A
Ay = UgHpUy ' :< +(A0§> # u—ﬁB(—Ao)>’
A (Ao)

—Hu Ar

e k)l
Hg = Ug Hy (Ug) ( p—Hy(—A

where

1 ‘ ,
Us = 2 [(TO + Tz)Gxe]ﬁcy + (TO - TZ)O-O] elPO-r7

Ulj_ _ T()O'xelﬁq"enzpo'r, UF_ _ e_ITzPO"’"

Ap = Ao(0ccosp — o.sinB), A = Ao, (10)

and T » . are the unit and Pauli matrices acting in the particle—
hole space. Hamiltonian A is given by

—id, £ Agcosy

_— —idy £ Apsiny £ 9,
Hi_(—iax:tAosinxq:r?y - D

id, ZAgcosy

We note that the chemical potential and the pair potential are
different in the different segments of the junction. The super-
conducting leads are heavily doped so that the Weyl nodes are
well below the Fermi level. Therefore, the density of states at
the Fermi level in the superconductor is large enough to form
the condensation. While in the normal segment, the chemical
potential remains finite and, in the rest of this paper, we use
Un to denote the Fermi energy measured from the Weyl nodes
in the normal region. We adopt the step approximation for the
pair potential, which is assumed zero in the normal region and
finite in the superconductors. A macroscopic phase of +¢/2
is assigned to the pair potentials in the right and left supercon-
ductors, respectively.

3. Andreev bound state

Based on the transfer matrix formalism, the Andreev
bound states and the Josephson current can be obtained.!*"]
Taking the BCS pairing case as an example, the eigenwave-
function of the BAG Hamiltonian (9) for quasiparticles of en-
ergy € in the left superconductor reads
e_iYB,O, ei(p/2’0>T eiqu+KBz7

GIORE
. . T .
U() = (0,¢7,0,e19/2) eimsmmi (12

where

€
m:arccosm, kg = \/AZsin’ B—¢€2,  (13)

and gf is the Fermi wave vector in the superconductor. The
wave vectors are properly chosen so that the wave functions
decays exponentially in the infinity. Each four-component

wave function can be divided into two parts, the first two com-
ponents called ‘Pes and the last two components called ‘I’hs. At
the boundary, 'Pes and ‘Phs are related by the transfer matrix
given by

¥ (2=0) = UL¥ (2 =d),

UL = —0.¢/9/2Hi0: (14
In the right superconductor, one can similarly find that
Wi (2) = (—eiVB,O, e*i"’/{())T e l9FT— KB
W (2) = (0 e %0, e*”/’/z) e TiaFKBZ (]5)
(2=

d)=URY¥ (z=d),
Ur = —0 e 19/27M0: (16)

In the normal region, we have four wave functions rep-
resenting the leftgoing and the rightgoing electrons and holes,
respectively, which are written as

—i6e o3 T ig, vz
‘I’y(z)z(cosac/Z,e smae/2,0,0) e'???,

T .
el gin O /2,cos oce/z,()’()) e'4:%%,

1‘1..73

(0 0,cosop/2, e 9h31nah/2) eiqz,W7

=(0,0,e % sinoy, /2, cosoch/Z) e =n" (17)
where the angles
Bc(n) = arcsin & O (n) = arctanm, (18)
q|.e(h) Qz,e(h)

and the wavevectors

d|,e(h) = \/(qx +Agsiny)? + 613»
g, 2 = —A0COSY +qzes G, 7 = —A0COSY —qze,
q, 45 = —Aocosy +quh, g 7 = —A0COSY —qep,

z,h
Geett) =/ (E£10) — - (19)

As the case in the superconducting leads, the four-component

wave functions in the normal region can also be divided into
two-component wave functions ¥ and ¥,, which are con-
nected at the boundaries as

W (z=d)=M¥ (z=0), (20
with the transfer matrices

1gz.edo;—Agcos xdopg 4 —1
Me:Aee qz,d0;—A()COS X er ,

My, = Aye'tendoz—Aocoszdo p ~1 2D
B cos(0e/2) eife sin( 0 /2)

Ae = (e—iGe sin(0e/2)  cos(0e/2) ) ; (22)
([ cos(an/2) e ibhsin(ay/2)

Ay = (eiﬂh sin(a,/2)  cos(oh/2) ) . )
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The continuity of the wave functions at the boundaries
results in

Det (1 —M; ' Uy 'MyUL) =0, (24)

which gives the Andreev bound energies.*’! For the short
junction of d < & with the superconducting coherent length
& ~ hvg/Ap, one usually adopts the approximation Ay < L.
Thus the energy dependence in angles O, and 8. p can be
neglected*”! and the Andreev bound energy is obtained ana-
lytically as

2
B 1
_B ) =20
<Aosin[3> 2{ i

2
i\/(AiBV (A2+B*— [C+cos(p}2)}, (25)

A[C+cos @]
A2+ B?

where

sing, .dsing, jd
A = c0sq; .dcosq. yd + SN Gz,ed Sz e
’ COS O COS O

B sing, .dcosq,,d  cosqy.dsing, pd

)

COS Ofe COS Oy
C =cos (8. + 64)sing, .dsing; pdtan O tan 0. (26)

The Andreev bound energies in the FFLO pairing case
can be obtained similarly. In contrast to the internode BCS
pairing, the condensation in the FFLO case occurs in each
Weyl cone independently. Therefore, the Andreev bound en-
ergies for the two Weyl nodes are different, which are written

as
eFij: 2
Ao
1 1+A[F+COS((P—2(Ppi)]
o 2 A2+32
B2 2 2 2
+ m(f\ + B2 —[F +cos(¢ —20r:)]2) ¢, (27)
with

@p+ = £ @p = £Apdcosy,
F =cos (0, — 6y)sing; (dsing, pdtan o tan o, (28)

We note that the expression for the g .(,) in the FFLO case is
different from that in the BCS case (Eq. (19)). One obtains

a1t = /(@ Aosing)? + 2, (29)
for the calculation of g and
q|.e(n) = \/(qHEAo siny)? +q3, (30)

for the calculation of &r_, respectively.

With the help of the Andreev bound energies, the free en-

ergy of the junction is given by 41—

F = —2kpT Z Zln[Zcosh(S/,/szT)] + Fo,
qx.qy b

(€29

where €, is the Andreev bound energy defined in Egs. (25) and
(27), the summation over b is restricted to all positive Andreev
bound energies, and Fp is a term independent of the phase dif-
ference ¢. Under the short junction approximation, only the
contribution from the Andreev bound states is taken into ac-
count and that from the continuous spectrum is neglected in
Eq. (31).141-%31 Finally, the Josephson current can be obtained

as[4l]

2e Jeg
1(@)=—"Y Y =2 tanh(e,/2ksT). (32)
h a5 o0
x>y
It is easy to find that the Josphson current for BCS-like pairing

reads

I ~ (I +1_)sing ~ 2lysin @, (33)

while for FFLO-like pairing, the Josephson current is given by

Ip ~ I, sin (@ —2¢F) +1_sin (¢ +2¢F), (34)

where I, and /_ are the current contributions from the two
Weyl cones of opposite chiralities.

4. Results

First, we briefly discuss the basic concepts and the qual-
itative results on the Andreev bound states under the Bohr—
Sommerfield quantization condition.*** This will be very
helpful in understanding the numerical results provided later.
According to the Bohr—Sommerfield quantization condition,
the Andreev bound state is determined by § pdz+ @a = 2n,
where @4 is the total phase shift obtained by the Andreev re-
flections and ¢ pdzis the phase shift accumulated by the quasi-
particle moving in a loop in the normal region between two in-
terfaces at z = 0 and z = d, respectively. Under the circularly
polarized light, the quasiparticle at the Fermi level acquires an
additional momentum shift which results in an addition phase
in § pdz and the phase dependence of the Andreev bound en-
ergy.

In the BCS pairing case, the Cooper pair is composed
by two electrons from the Weyl cones of opposite chiralities.
From Eq. (6) one finds that the momentum shifts for the elec-
trons in the two Weyl cones are opposite, namely, +Aq cos(¥),
respectively. The loop phase contains the contributions from a
rightgoing electron and a leftgoing hole, which can be treated
as the phase shift from two rightgoing electrons. Since the
two electrons are from different Weyl cones and acquire the
opposite phase shifts, the loop phase shift remains unchanged.
Therefore, the phase dependence of the Andreev bound en-
ergy and the current phase relation of the Josephson junction
remain unchanged.

077406-4
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In the FFLO pairing case, the Cooper pair is composed
by two electrons of the same chirality. The accumulated phase
shift of the rightgoing electron and that of the leftgoing hole
in a loop are always the same. However, the total phase shift
in a loop in the Py cone and that in the P_ cone may be dif-
ferent. The phase shifts in a loop in the P, cone is 2¢p; =
2Aod cos x, while that in the P_ cone is 2Qr_ = —2Agd cos k.
The Josephson current includes the contributions from two
Weyl cones, which take the form sin(¢ — 2Apdcos)) and
sin(@ 4+ 2Apd cos ) ), respectively. Thus, the total current takes
the form cos(24pdcosy)sin@. As cos(2Apdcosy) varying
from positive to negative, the 0—7 transition occurs. As a re-
sult, the O—7 transition can be expected in the FFLO pairing
case with y # /2.

Next, we give the numerical results of the Josephson cur-
rent. The current phase relation in the BCS pairing Joseph-
son junction is plotted in Fig. 2. The current is calculated
at the temperature 7 = 0.17; with T the superconducting
transition temperature and at the width of the normal region
d/& = 0.025m with & the superconducting coherent length.
The current is normalized by Jo = (eAg/h) - (u3S), where S is
the section area and p3 represents the density of states at the
Fermi level. When y = 0, it is shown in Fig. 2 that the junction
is always a O junction, as analyzed by the Bohr—Sommerfield
quantization condition. Moreover, one finds that the Joseph-
son currents with different optical field strengths coincide ex-
actly. This is due to the widely adopted approximation that the
energy dependences in angles ¢, and 6., can be neglected
in short junctions. #4649 Under this approximation, from
Eq. (19), one finds that the wave vectors ¢, = ¢, and con-
sequently the angles for electrons (o, and 6.) are exactly the
same as those for holes (o4, and 6,) when } = 0. The summa-
tion over the wave vectors in Eq. (32) is transformed into the
integration over the angles o, and 6. and the Ag-dependence
in the current vanishes.

0.10
— —Ao=0
N\ e Ag =10
\ _
0.05 \ Ag=15
, \ ---Ap=20
/ \

J/Jo
-

-0.05

-0.10

0 27

€3

Fig. 2. Current phase relation in the BCS pairing Josephson junction. The
parameters are assumed as Uy = 2004 and = m/4. The azimuth of the
optical field is y = 0.

The current phase relation in the FFLO pairing Joseph-
son junction is plotted in Fig 3. When } = 0, it is shown in

Fig. 3 that the junction undergoes a 0—7 transition with in-
creasing the optical field. The Josephson current presents a
standard sinusoidal curve when Ag = nz/(dcosy) as shown
When
Ao = (2n+ 1)m/(2dcos)), the current-phase relation is a

by the black line in Fig. 3 which is a O-junction.

negative sinusoidal curve as shown by the red line which
is a m-junction. Increasing Ao from nm/(dcosy) to (2n +
1)m/(2dcos ), the current phase relationship deviates from
the standard sinusoidal curve with an extra zero point other
than O or 7, exhibiting a combined effect of two opposite
Josephson ¢ junction contributing from two Weyl cones as
described by the Andreev bound states in Eq. (27). Especially
when Ag = (n+1/2)x/(2d cos ), the current-phase relation-
ship changes from sin ¢ to sin2¢.

0.15
0.10
0.05
ol

J/Jo

-0.05
-0.10
-0.15

0.15
0.10

0.05

J/Jo
=)

-0.05
-0.10

-0.15

0 ™ 2

Fig. 3. Current phase relation in the FFLO pairing Josephson junction. The
parameters are assumed as [y = 2004y and = w/4. The azimuth of the
optical field is y = 0 for (a), y = /6 for (b), respectively.

In order to demonstrate the O—x transition more clearly,
we also plot the free energy as a function of the optical field in
Fig. 4. One can easily find that, the minimum values of free en-
ergy changes with increasing optical field strength. Increasing
Ao~ (n+1/2)r/(2d cos ) ,there are another dip/peak of free
energy corresponding to extra zero points of the current-phase
relationship. The relationship between the critical current and
Ay is plotted in Fig. 5. When ) = 0, there is a dip or some dips
in the Ag-dependence of the critical current as the signal of the
0-7 transition. When y # 0, a similar behavior can be found
and the critical current also decreases monotonically with the
optical field.

Although our calculations are carried out with large iy,
the main results are still valid in the regime of small uy. In the
latter case the transport in the normal region is dominated by
the evanescent modes. As a result, both J and Jy decrease but
the current phase relation remains qualitatively unchanged. 3!
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(a) —Ay=0
- Ag=10
= Ag=15 -1
—— Ag=207
.

—-0.3

0 ™ 2
)
Fig. 4. The free energy is plotted as a function of phase in the FFLO pair-
ing Josephson junction. The parameters are assumed as py = 2004 and
B = m/4. The azimuth of the optical field is y = 0 for (a), x = 7/6 for (b),
respectively.

Fig. 5. The critical current is plotted as a function of Ay in the FFLO pair-
ing Josephson junction. The parameters are assumed as Uy = 2004 and

B=nm/4

5. Conclusion

In this paper, we have investigated the Josephson current
in an irradiated Weyl semimetal junction. Both the internode
BCS pairing and the intranode FFLO pairing are considered.
The circularly polarized light-induced additional momentum
shift modifies addition phase of the Andreev bound energy
and the current-phase relation. It is shown that the circularly
polarized light field will not alter the current phase relation
for the BCS junction but can lead to a 0-7 transition for the
FFLO junction. The O-r transition can only be observed for
the FFLO junction and can be treated as an efficient signal for
detecting the FFLO pairing in Weyl semimetals.
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